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ABSTRACT 
 
Yield Drag Associated with the Aphid Resistance Gene Rag2 from PI 200538  
The soybean aphid (Aphis glycines Matsumura) is an important pest of soybean [Glycine 
max (L.) Merr.] that was first identified in North American during 2000.  The pest can be 
controlled by the resistance genes Rag1 and Rag2, which have been introgressed into 
Midwestern adapted soybean lines. In previous studies, the Rag2 resistance allele was shown to 
be associated with a seed yield reduction.  The objective of this study was to confirm the 
reduction in yield associated with Rag2 and determine its cause. This was done by testing a 
population of lines with all combinations of resistance and susceptibility alleles at Rag1 and 
Rag2 to further discern the effect of the Rag2 gene on agronomic traits, and by evaluating the 
introgressed genetic region surrounding Rag2 in populations of near isogenic lines to localize 
quantitative trait loci (QTL) causing yield drag associated with the Rag2 gene.  The populations 
were tested in multiple environments across three years with little or no aphid infestation.  Yield 
tests of the population segregating for Rag1 and Rag2 showed that Rag2 was associated with a 
yield reduction across environments, but Rag1 was not. Results from the tests of the Rag2 
genetic region populations indicate that one or more QTL(s) causing yield drag are located 
within a 6.5 Mbp region approximately 1.6 Mbp from Rag2. This information can be used to 
break the linkage between the yield reduction QTL(s) and Rag2, ultimately providing higher 
yielding aphid resistant cultivars.  
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Fine Mapping of the Soybean Seed Protein QTL cqSeed protein-003 
Soybean is a widely grown, important source of protein and oil for both animal and 
human consumption.  In this study, the previously identified protein QTL cqSeed protein-003 on 
chromosome 20 (formerly linkage group I) was fine mapped to further delineate the candidate 
gene region of the QTL.  Fine mapping was conducted using a population of near isogenic lines 
(NILs) segregating for cqSeed protein-003 developed through five backcrosses (BC5) using 
PI468916 as the donor parent and A81-356022 as a recurrent parent.  Genetic marker analysis of 
the BC5 populations placed the QTL in a 77.8 kb region on chromosome 20, based on the 
Glyma.Wm82.a2 (Gmax2.0) map assembly.  This narrowed candidate gene region can help 
facilitate gene cloning which ultimately can result in the identification of the causal gene(s) for 
one of the most widely studied, large effect protein QTL in soybean. 
 
Mapping of Ionomic QTL in a Soybean Nested Association Mapping Population 
It is estimated that nearly half of the world’s population suffers from nutrition 
deficiencies.  With the world’s population projected to reach 9.3 billion people by 2050, there 
will be a need not only for more food, but also more nutritious food to alleviate nutritional 
deficiencies.  More land will likely be used by agriculture to meet the increasing food demand, 
often coming from land contaminated with heavy metals or high levels of unwanted nutrients. To 
produce crops with increased concentration of beneficial nutrients and fewer toxic metals, one 
must have an understanding of the genetic control of mineral accumulation in plant tissue which 
can be studied through ionomic analysis.  Therefore, the objective of this study was to map QTL 
controlling the elemental composition of soybean seed. The ionome of seed samples from two 
environments (Illinois 2012 and Nebraska 2012) of the soybean nested association mapping 
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(NAM) project were analyzed for elemental concentration of 20 traits.  These data were then 
analyzed with 4,312 SNPs in a joint linkage analysis to identify QTL from both growing 
environments.  In total, 88 QTL were identified, including a previously identified QTL for 
calcium.  This information can be used in additional studies to gain more knowledge of the 
genetic architecture of elemental accumulation in soybean, but also in marker-assisted selection 
and genomic prediction models.  This study provides an important first step in that process which 
will ultimately result in biofortification of beneficial elements, and sequestration of heavy metals 
in crops. 
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CHAPTER ONE: Literature Review 
 
Soybean 
Soybean [Glycine max (L.) Merr.] is a major global oilseed crop, accounting for 59% of 
the world’s oilseed production (American Soybean Association, 2015).  Soybean are grown in 
over 100 countries and over 30 states within the USA (American Soybean Association, 2015; 
FAO, 2016).  The United States leads the world in soybean production, annually producing 
around 108 million metric tons, followed by Brazil and Argentina producing 94.5 and 56 million 
metric tons, respectively.  Within the United States, Illinois consistently ranks in the top two 
states in soybean production and yield, equating to 15 million metric tons and 3.8 metric tons/ 
hectare (56 bushels/acre) in 2015 (American Soybean Association, 2015).   
 
History and Genetic Diversity 
  Soybean was first domesticated in China 3,000 to 5,000 years ago from wild soybean 
(Glycine soja Seib. Et Zucc.) (Hymowitz, 1970; Carter et al., 2004).  Like many other 
domesticated crop species, early farmers performed selections by saving seed from desirable 
plants.  Soybeans slowly migrated to Korea, Japan, and other countries in Southeast Asia before 
arriving in the U.S. in 1765 (Hymowitz, 1970; Hymowitz and Harlan, 1983).  Up until the 
1940’s, soybean was used as a forage crop in the U.S., but the onset of World War II called for a 
domestically produced protein and oil source (Probst and Judd, 1973).  To coincide with the 
increased production of soybeans, an increase in soybean breeding work began in the 1930’s at 
state agricultural experiment stations and the USDA (Bernard et al., 1988).  Many of the early 
types of soybean grown in the USA were Asian landraces or selections from introduced 
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cultivars, but the availability of cultivars from hybridization and selection in North America 
started in 1939 with the release of “Pagoda” by the Canadian Department of Agriculture, and 
“Chief” by the Illinois Agricultural Experiment Station (Bernard et al., 1988). 
 Hybridizing soybean provided genetic variation in the resulting progeny but soybean as a 
whole suffers from a lack of genetic diversity. This stems from three different genetic 
bottlenecks: the original domestication and ensuing genetic bottleneck 3,000 to 5,000 years ago 
in China, the introduction of few landraces to the U.S., and the selective breeding since the 
1940’s; all of which contribute to a 50% reduction in diversity and a 81% reduction in rare 
alleles (Hyten et al., 2006). Today, these bottlenecks equate to a narrow genetic base of all 
soybeans grown in farmers’ fields.  Gizlice et al. (1994) studied soybean pedigrees and found 
that 80 ancestors accounted for 99% of the diversity in US cultivars, and 26 ancestors account 
for almost 90% of the diversity.  Additional studies have also demonstrated the lack of diversity 
by showing that about 85% of the North American soybean genetic base was complete by 1954, 
and was 95% complete by 1970 (Thompson and Nelson, 1998).  In addition, over the past 25 
years many plant introductions (PIs) have been used to introduce disease and pest resistance to 
adapted varieties, but only a few new ancestors have made an impact on the overall genetic base 
(Gizlice et al., 1994; Sneller, 1994).  To alleviate this lack of diversity within the gene pool, 
future work is needed to incorporate new genetic backgrounds into soybean varieties. 
 Although in recent breeding history PIs and other sources of genetic diversity have made 
an insignificant impact on the overall genetic base of soybean, they still serve an important 
function to transfer novel traits into adapted backgrounds.  One source of this diversity is G. soja 
which can readily cross with G.max (Hymowitz, 1970; Stupar, 2010). G. soja can be used as a 
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source for disease resistance (Wang et al., 2001; Winter et al., 2007), increased yield (Concibido 
et al., 2003), and for increased protein concentration (Diers et al., 1992; Joshi et al., 2013).  
 
Soybean Aphid 
 The soybean aphid (Aphis glycines Matsumura) is an economically important pest of 
soybean that was first discovered in North America in southern Wisconsin during the summer of 
2000 (Alleman et al., 2002).  Since this discovery, soybean aphid has spread to over 30 states 
and three Canadian provinces (Ragsdale et al., 2011).  Native to Asia, soybean aphids are 
capable of causing severe yield losses of over 50% (Beckendorf et al., 2008) and during the 
growing season of 2003, over 2 million hectares of soybean were damaged in Illinois and 
Minnesota accounting for losses of over $120 million (Kim et al., 2008).  If left untreated, 
soybean aphid infestations can cause a yield reduction of over $2.4 billion on an annual basis 
(Song et al., 2006).  In addition to yield, soybean aphids can impact seed composition traits as 
they have a negative effect on oil concentration but a positive effect on protein concentration 
(Beckendorf et al., 2008). 
 
Life Cycle 
The soybean aphid is a heteroecious, holocyclic pest of soybean (Ragsdale et al., 2004).  
As a heteroecious pest, the soybean aphid reproduces sexually and overwinters on the primary 
host buckthorn (Rhamnus spp.), and reproduces viviparously (gives birth to live young) on the 
secondary host soybean (Voegtlin et al., 2005). Other species are capable of serving as a 
secondary host of soybean aphid such as crimson clover (Trifolium incarnatum) and red clover 
(Trifolium pratense), and to a lesser degree berseem clover (Trifolium alexandrinum) and kura 
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clover (Trifolium ambiguum) (Alleman et al., 2002). As a holocyclic pest, asexual and sexual 
aphids are produced at different times of the year in addition to an overwintering structure, eggs 
(Blackman, 1980). 
 The lifecycle of the soybean aphid on buckthorn begins when winged females called 
gynoparae land on buckthorn leaves in the fall where they feed and produce nymphs that develop 
into oviparae, the sexual female, which attract winged males produced on soybean. Once mated, 
the oviparae lay eggs at the base of buckthorn buds to overwinter (Ragsdale et al., 2004; Tilmon 
et al., 2011). The nymphs hatch in the spring and develop into fundatrices (wingless, viviparous 
females) that produce a generation of female wingless aphids on buckthorn, and subsequent 
generations from the wingless aphids on buckthorn will be born as winged females (Welsman et 
al., 2007).  The birth of winged aphids coincide with the early vegetative growth (V1-V5) of the 
secondary host soybean, which are soon colonized by the winged aphids (Bahlai et al., 2010).  
Once soybeans have been colonized, multiple generations of female aphids are produced in both 
winged and wingless forms.   
During the spring and summer, aphid populations can grow rapidly as all aphids present 
are female and can give birth to live young.  This can lead to populations doubling in size in as 
little as 1.5 to 2 days, but on average will take 6-7 days (McCornack et al., 2004; Ragsdale et al., 
2007).  During the growing season, the optimal temperature for aphid development is 27.8ºC 
(McCornack et al., 2004).  Population development can still occur down to 8.6 ºC, and as high as 
34.9 ºC before development is severely impacted (McCornack et al., 2004).  Due to this 
temperature constraint, the spread of soybean aphid has been halted in the deep south of the USA 
were summer temperatures frequently exceed 35 ºC (Ragsdale et al., 2011).  In addition to 
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temperature, precipitation, disease, and natural predators of soybean aphids can impact the 
growth and development of populations within soybean fields (Tilmon et al., 2011). 
Winged female aphids are produced throughout the growing season in response to 
different stimuli, including crowding and poor plant nutrition (Dixon, 1985), temperature 
(Johnson and Birks, 1960), and presence of predatory insects (Roitberg et al., 1979). These 
stimuli cause the winged females to leave the soybean plants they have colonized in search of 
new plants.  Winged aphids are capable of traveling vast distances for long periods of time in 
search of new plants to colonize.  Aphids have been shown to fly for as long as 11 hours, and as 
far as 6.7 km (Zhang et al., 2008). 
Winged females can also be produced by changes in the photoperiod (Lees, 1966).  Once 
aphids detect a reduction in both photoperiod and temperature in the fall, winged females called 
gynoparae are produced and leave soybean in search of buckthorn (Ragsdale et al., 2004).  On 
buckthorn, the gynoparae feed and produce nymphs that develop into oviparae, the sexual 
female.  Winged males are then produced on soybean, and are attracted to the oviparae on 
buckthorn.  The winged males will then mate with the oviparae, and the oviparae will lay eggs at 
the base of buckthorn buds to overwinter (Ragsdale et al., 2004; Tilmon et al., 2011). 
Aphid eggs can withstand winter temperatures as low as -34 ºC (McCornack et al., 2005), 
but other factors such as predators and disease can impact the number of eggs that hatch the 
following spring to begin a new cycle of soybean aphids (Welsman et al., 2007).   
 
Plant Damage 
 The soybean aphid damages plants by feeding on leaves with their piercing, sucking 
mouthparts, removing photosynthate via the phloem from the plant.  One aphid feeding on a 
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plant will not cause quantifiable damage, but photosynthesis can be impacted by as few as 20 
aphids per leaflet (Macedo et al., 2003).  As aphid numbers increase, sooty mold will form that 
can further decrease photosynthetic capacity.  Sooty mold is a dark mold that forms on the 
sugary secretions (“honeydew”) of aphids that can interfere with light interception by the leaves 
(Tilmon et al., 2011).  In addition to sooty mold, increasing aphid infestations will lead to 
yellow, wrinkled leaves, reduced number of branches, stunted plants, and eventually aborted  
flowers and pods (Lin et al., 1993).  With further increase in aphid number, seed quality, size, 
and composition along with plant height can also be affected by the aphid feeding, further 
decreasing yield (Beckendorf et al., 2008). 
 In addition to the damage caused by feeding, soybean aphids can also transmit plant 
viruses.  The soybean aphid is a vector for Soybean mosaic virus, Alfalfa mosaic virus, Bean 
yellow mosaic virus, and Tobacco ringspot virus in soybean (Clark and Perry, 2002; Wang et al., 
2006).  It also can vector viruses to species beyond its primary and secondary host, such as 
Cucumber mosaic virus to common bean (Gildow et al., 2008), Tobacco etch virus and Tobacco 
vein mottling virus to tobacco (Wang et al., 2006), and Potato virus Y to potatoes (Solanum 
tuberosum L) (Davis et al., 2005).  
 
Control 
 The three primary methods for soybean aphid control are biological, chemical, and 
genetic resistance.  Biological control is dependent on disease-causing fungi or predatory insects.  
Two orders of fungi are responsible for the disease-causing fungi in soybean aphid: Ascomycota: 
Hypocreales and Glomeromycota: Entomophthorales (Koch, 2011).  A notable species within 
Entomophthorales is Pandora neoaphidis (Remaud. et Henn.) Humber, which was shown as the 
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causal organism in an aphid population where 84% were infected, causing a collapse of the aphid 
population (Nielsen and Hajek, 2005).  P. neoaphidis control of aphids is from conidia that 
germinate on the cuticle of aphids, which then produce a germ tube that penetrates the cuticle 
and depletes the aphid of nutrients, causing death (Butt et al., 1990).  Conidia are then ejected 
from the conidiophores on the dead aphid, leading to further infection within the aphid colony, 
potentially causing a colony collapse (Koch, 2011).  Though fungi play a role in aphid control, 
more research is needed before they can be used on a large scale in farmers’ fields. 
 Predatory insects also play an important role in the control of the soybean aphid, with 
over 30 predatory species identified (Rutledge et al., 2004).  Common predatory insects of the 
soybean aphid include the multicolored Asian ladybeetle (Harmonia axyridis Pallas (Coleopetra: 
Coccinellidae), minute pirate bug (Orius insidiosus (Say), and species of parasitic wasps such as 
the braconid wasps Aphidius colemani Viereck and Lysiphlebus testaceipes Cresson (Rutledge et 
al., 2004; Nielsen and Hajek, 2005; Noma and Brewer, 2008).  The multicolored Asian 
ladybeetle and minute pirate bugs control aphids by directly feeding on them.  The multicolored 
Asian ladybeetle can consume over 30 aphids per day, and the minute pirate bug can consume 
over 8 aphids per day (Rutledge et al., 2004).  Parasitic wasps do not directly consume the 
soybean aphids, but rather deposit their eggs inside the living aphid.  Once laid inside the aphid, 
the developing larvae will consume the aphid internally, thus killing it (Wyckhuys et al., 2008). 
 A promising source of biological control from parasitic wasps comes from the introduced 
species Binodoxys communis (Gahan) from China (Chacón et al., 2008).  In China, the soybean 
aphid causes only sporadic outbreaks due to the large number of predatory insects (Liu et al., 
2004; Wu et al., 2004).  B. communis was identified as a species of interest due to its ability to 
parasitize both adults and nymphs of winged and wingless aphids (Zhang et al., 2012).  By 
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parasitizing winged adults or nymphs developing wings, the parasitized aphid can then be 
transported to new areas, carrying the larvae of the parasitic wasp and further parasitizing and 
killing aphids (Wyckhuys et al., 2008).  B. communis was granted approval for release in the 
U.S. in 2007, though reports indicate that B. communis has not impacted aphid populations under 
field conditions (Asplen et al., 2011; Gariepy et al., 2015).  A study by Gariepy et al. (2015) 
suggests that the failure of B. communis to establish in North America is from the inability to 
enter diapause under field conditions.  The B. communis strain tested was collected in China 
from a climatic region similar to the north-central United States, therefore was adapted to the 
environmental conditions where it would be released and had the ability to enter diapause as it 
was collected from a natural population (Ragsdale et al., 2011).  Thirty-three females and seven 
males were collected and were not restocked with other collected B. communis strains, and were 
reared for 50 generations per year for seven years for a total of 350 generations (Wyckhuys et al., 
2008).  The rearing occurred under non-diapausing conditions, therefore it is possible that the 
population lost the ability to enter diapause before being released into soybean fields (Gariepy et 
al., 2015).  Additional research is ongoing to maintain diapause in collected B. communis strains 
to control soybean aphids under field conditions (Gariepy et al., 2015). 
A second method of controlling soybean aphid is through the use of chemical 
insecticides.  Though biological control sources can have an impact on aphid populations, 
insecticides are the most commonly used control method (Tilmon et al., 2011).  Prior to the 
discovery of soybean aphids in the U.S., less than 0.1% of soybean acreage in the north-central 
USA was treated with insecticides to control insect pests (Ragsdale et al., 2011). After the 
discovery on the soybean aphid, over 13% of soybean acreage in the north-central U.S. reported 
using insecticides, an increase of over 13,000% (Ragsdale et al., 2011).  Commonly used 
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insecticides to control soybean aphids are pyrethroids and organophosphates (Chandrasena et al., 
2011).  Though purported to be effective against soybean aphids, neonicitinoid seed treatments 
only last for 46 days after planting, well before aphid populations can develop and affect the 
plant (Seagraves and Lundgren, 2011). 
 If aphid populations are present within a field, farmers must scout to ensure aphid 
numbers to not exceed the economic threshold for soybean aphids.  Ragsdale et al. (2007) found 
that the economic threshold was 273 ± 38 aphids plant
-1
, which is the point soybeans need to be 
sprayed with an insecticide so that an aphid population can be controlled before a major 
reduction in yield occurs.  The economic threshold calculation also incorporates a 7 day window 
that would allow for weather or other application delays.  The economic threshold is set below 
the economic injury level (674 ± 95 aphids/plant), which is the point at which treatment costs 
equal the yield loss amount.  The economic injury level can fluctuate based on projected yield, 
market price, and control costs (Ragsdale et al., 2007).  Though an integrated pest management 
approach exists when following the economic threshold, many farmers continue to use 
insecticides in combination with fungicides as a prophylactic approach to controlling aphids 
(Johnson et al., 2009). This can waste money in unneeded application costs, kill beneficial 
predatory insects, and may promote the rise of insecticide resistant aphids (Chandrasena et al., 
2011). 
 
Resistance Genes 
 The ultimate low cost control method for soybean aphid is host plant resistance.  
Currently there are 10 named soybean aphid resistance genes and alleles: Rag1 (Hill et al., 
2006a; b), rag1b (Bales et al., 2013), rag1c (Zhang et al., 2010), Rag2 (Mian et al., 2008b; Hill 
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et al., 2009), Rag3 (Zhang et al., 2010), rag3 (Mensah et al., 2008), Rag3b (Zhang et al., 2013), 
rag4 (Zhang et al., 2009b), Rag5 (Jun et al., 2012), and Rag6 (Xiao et al., 2013).  The name of 
resistance genes start with the abbreviation for Resistance to Aphis Glycines, with the first letter 
capitalized if the resistance allele is dominant (Rag) and lowercase if the resistance allele is 
recessive (rag), then followed by the identification number.  Resistance genes are differentiated 
based on whether their effect is due to nonpreference (antixenosis) (Kogan and Ortman, 1978) or 
an effect on the biology and reproduction of the aphid (antibiosis) (Painter, 1951) in addition to 
the area of the genome in which it was mapped.  If an allele has a different effect but is mapped 
to the same area within the genome as a previously identified gene, the allele is given a letter 
behind the original designation (i.e rag1b). 
Rag1 was first identified in the cultivar Dowling where the resistance is controlled by a 
single dominant allele (Hill et al., 2006a).  Rag1 provides antibiosis type resistance, and was 
mapped to chromosome 7 (formerly linkage group M) 4.2 cM from Satt435 and 7.9 cM from 
Satt463.  A similar dominant allele that confers resistance through antibiosis (often referred to as 
the Rag gene) was identified in the cultivar Jackson (Hill et al., 2006b).  The Jackson gene also 
was mapped to chromosome 7 at a position 2.1 cM from the genetic marker Satt435, and 8.2 cM 
from Satt463 (Li et al., 2006).  Though the two genes are mapped to the same vicinity, it is still 
unknown if they are allelic (Li et al., 2006). 
In a study by Kim et al. (2009), Rag1 was fine mapped using a total of 824 BC4F2 and 
1000 BC4F3 plants that were segregating for the gene.  Recombination events were identified 
near the gene, were tested with SNPs within the gene region, and evaluated for aphid resistance.  
From this work, Rag1 was fine mapped to a 115 kb region between the SNP markers 46169.7 
and 21A.  Within this region, 13 predicted genes were identified based on the Williams 82 
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reference sequence (Schmutz et al. (2010).  These genes include two nucleotide binding leucine-
rich repeat (NBS-LRR) genes (Glyma07g06890 and Glyma07g06920, respectively). NBS-LRR 
genes are candidates for Rag1 because they have been shown to provide aphid resistance in 
potato (Rossi et al., 1998), melon (Dogimont et al., 2009), and black medick (Klingler et al., 
2005).  By fine mapping Rag1, not only were candidate genes identified, but the SNPs used to 
fine map could be used in marker-assisted selection to rapidly incorporate Rag1 into susceptible 
backgrounds (Kim et al., 2010a). 
As novel traits are introgressed into adapted germplasm, linkage drag in the form of 
undesirable agronomic trait alleles can occur (Tanksley and McCouch, 1997; Boerma and 
Walker, 2005).  To test if the introgression of Rag1 had any unintended effects on agronomic 
traits, two populations of backcross derived lines were tested by Kim et al. (2009). Dowling was 
backcrossed into two Midwestern-adapted cultivars, Dwight and Loda.  Both populations were 
grown in aphid free environments and yield, height, lodging, and maturity were measured.  In 
both populations, Rag1 showed no detectable effect on yield, height, or lodging; however, in the 
Dwight population a two day delay in maturity was found to be associated with Rag1, but no 
association was found in the Loda background.  This demonstrated that Rag1 could be 
incorporated into adapted backgrounds without a negative impact on agronomic traits (Kim and 
Diers, 2009a). 
Rag2 was first identified in PI 243540 (Mian et al., 2008b; a) and was shown to confer 
antibiosis type resistance. The gene was mapped to chromosome 13 (formerly linkage group F) 
1.8 cM from Satt334, and 2.7 cM from Sct_033 (Mian et al., 2008b).  A second source of Rag2 
was identified in PI 200538, and the gene displayed antibiosis type resistance and was mapped to 
the same region as Rag2 from PI 243540 (Hill et al., 2009). 
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In a study by Kim et al. (2010), Rag2 was fine mapped using a total of 5,783 plants 
segregating for the region surrounding the gene.  Recombination events were identified near the 
gene, were tested with SNPs within the gene region, and evaluated for aphid resistance.  From 
this work, Rag2 was fine mapped to a 54 kb region between the markers KS9-3 and KS5. Within 
this region, seven genes were identified from the Williams 82 reference sequence that could be 
candidates for Rag2, including one NBS-LRR gene (Glyma13g26000).  This NBS-LRR gene 
encodes a F-Box/LRR protein that could regulate resistance by controlling jasmonate and 
salicylic acid pathways in response to aphid feeding (Wang et al., 2005; Li et al., 2008; Kim et 
al., 2010b). 
To test if the introgression of Rag2 had any unintended effects on agronomic traits, two 
populations of backcross derived lines were developed and tested by Kim et al. (2013).  The 
populations were developed by backcrossing Rag2 from PI 200538 into the Midwestern-adapted 
cultivars LD02-4485 and LD03-6566.  Both populations were grown in aphid free environments 
and yield, height, lodging, and maturity were measured.  In either population, Rag2 had no 
significant effect on height, lodging, or maturity date.  In the LD03-6566 population, a 
significant yield drag of 256 kg ha
-1
 across locations was associated with Rag2;  however, no 
negative association was identified in the LD02-4485 background.  It is unknown if the yield 
drag associated with the LD03-6566 population was from linkage drag, background effects, or a 
pleiotropic effect of Rag2.  A seed abortion QTL has been mapped in the Rag2 vicinity (Tischner 
et al., 2003), giving credence to the linkage drag theory, but a definitive answer will be unknown 
until further research is conducted.  
 The dominant resistance gene Rag3 was first identified in PI 567543C (Zhang et al., 
2010).  Rag3 provides antixenosis type resistance (Mensah et al., 2005) and was mapped to 
13 
 
chromosome 16 (formerly linkage group J) in a 19.2 cM interval between Sat_339 and Satt414 
(Zhang et al., 2010). 
The recessive resistance genes rag1b and rag3 were first identified from PI 567598B 
(Mensah et al., 2005, 2008).  Both rag1b and rag3 provide antibiosis type resistance, and were 
mapped to chromosomes 7 and 16, respectively (Bales et al., 2013).  On chromosome 7, rag1b 
was mapped to a 406 kbp region flanked by Satt435 and BARCSOYSSR_07_0309, whereas on 
chromosome 16, rag3 mapped to a 161 kbp region flanked by Gm16_6262227_C_T and 
Gm16_6424067_A_G (Bales et al., 2013).  Though both rag1b and rag3 mapped in the vicinity 
of Rag1 and Rag3, respectively, both are considered to be different alleles due to their recessive 
gene action compared to the dominant gene action of the original alleles (Bales et al., 2013) 
Rag3b was first identified in PI 567537, which has aphid resistance controlled by a single 
dominant allele (Zhang et al., 2013).  Rag3b provides antibiosis type of resistance, and was 
mapped to the same region on chromosome 16 as rag3.  Rag3b and rag3 are considered different 
alleles as they have differing gene action (dominant vs recessive) as well as differing types of 
resistance (antibiosis vs antixenosis) (Mensah et al., 2005; Zhang et al., 2010, 2013b). 
 The resistance genes rag1c and rag4 were first identified in PI 567541B, which has 
antibiosis type resistance controlled by two recessive genes (Mensah et al., 2005, 2008).  
Mapping of the two genes from PI 567541B placed rag1c in the same region on chromosome 7 
as Rag1 and rag4 on chromosome 13, near Satt299 and over 65 cM away from Rag2 (Li et al., 
2006; Zhang et al., 2009b).   Although rag1c maps to the same vicinity as Rag1, they are 
assumed to be different alleles because resistance from rag1c is recessive.  The gene rag4 is also 
considered different than Rag2 because they map to unique genetic intervals and have different 
gene action. 
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Rag5 was one of two aphid resistance genes identified from PI 567301B (Jun et al., 
2012). Rag5 is a major effect locus that mapped to the Rag2 region and was considered to be a 
different gene from Rag2 because it exhibited antixenosis type of resistance compared to Rag2 
from PI 200538 and PI 243540 conferring antibiosis type resistance. A second minor effect locus 
was mapped from PI 567301B to a novel region on chromosome 8 (formerly linkage group A2). 
The minor effect locus was not named because it had a small, inconsistent effect across 
environments (Jun et al., 2012).   
Rag6 was first identified in the Chinese cultivar P203, which has resistance controlled by 
a single dominant gene (Xiao et al., 2013).  Rag6 was found to provide antixenosis type 
resistance and was mapped to a 1.57 Mb interval on chromosome 8, flanked by the markers 
BARCSOYSSR_08_1451 and BARCSOYSSR_08_1527.  The Rag6 region was further 
delimited by fine mapping within the interval with 140 new SSR markers.  From the fine 
mapping, the interval was narrowed to a 192 kb region between BARCSOYSSR _08_0075 and 
BARCSOYSSR _08_0088.  This was downstream from the minor effect locus identified from PI 
567301B, as the minor effect locus mapped between BARCSOYSSR _08_1095 and 
BARCSOYSSR _08_1110, equivalent to approximately 20 Mb from Rag6.  There are no NBS-
LRR candidate genes within this region on the Williams 82 reference genome, which is 
consistent with other identified aphid resistance genes (Rossi et al., 1998; Dogimont et al., 2009).  
However, five candidate genes were identified including a Serine-threonine protein kinase, 
which belongs to the LRR protein kinase family that could be a novel source of aphid resistance 
(Xiao et al., 2013). 
To further our knowledge of aphid resistance, additional genetic research is needed 
because novel sources of aphid resistance have been found, but the genes conferring resistance in 
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them have not been mapped (Jun et al., 2013; Wassom et al., 2013).  Identified genes also need 
to be fine mapped to narrow genetic regions, and identified candidate genes need to be tested and 
cloned to identify the causal genes for aphid resistance.  
 Additional knowledge of aphid resistance genes is needed as virulence diversity within 
soybean aphids has been identified.  There are currently four different biotypes of aphids that 
have been discovered.  Soybean aphid biotypes were first discovered by Kim et al. (2008) after 
soybean aphid populations were found in Ohio that could increase on plants with the Rag1 gene.  
The soybean aphids from Ohio were shown to colonize Rag1, but were unable to colonize plants 
with Rag2.  The aphids from Ohio were designated Biotype 2, whereas the aphids originally 
found in Illinois that could not overcome Rag1 or Rag2 resistance were designated Biotype 1.  
Biotype 3 was first identified from an aphid population in Indiana that could colonize plants with 
Rag2, but not Rag1 (Hill et al., 2010).  Biotype 4 was then identified from a field in Wisconsin 
where aphids were readily populating soybean plants with both Rag1 and Rag2 (Alt and Ryan-
Mahmutagic, 2013).  Although only 7% of surveyed soybean aphids were shown to be Biotype 4 
(Cooper et al., 2015), a biotype that can overcome two of the most prevalent sources of 
resistance is cause for concern.   
To test the effects of the four soybean aphid biotypes on different aphid resistance genes, 
Ajayi-Oyetunde et al. (2016) tested soybean isolines with different combinations of Rag1, Rag2, 
and Rag3.  In their study, the soybean isoline with Rag1, Rag2, and Rag3 provided the best 
protection against all biotypes; keeping aphid numbers below the economic threshold level of  
273 ± 38 aphids plant
-1
 for biotypes 1 and 2, and below the economic injury level of 674 ± 95 
aphids plant
-1
 for biotypes 3 and 4 (Ragsdale et al., 2007).  Although the isoline with Rag1, 
Rag2, and Rag3 had broad protection, it still allowed biotype 4 populations to increase to near 
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economic injury levels (~677 aphids plant
-1
) (Ajayi-Oyetunde et al., 2016).  More research is 
needed to find and understand additional aphid resistance genes before Biotype 4 aphids become 
more prevalent, or before an even more virulent biotype of aphid is discovered. 
 
Protein 
Soybean is an important source of protein for both animal and human consumption as 
67% of the world’s protein meal consumption in 2013 came from soybean, an equivalent of 
184.1 million metric tons (American Soybean Association, 2014).  Compared to other 
commodity crops, soybean has the highest protein concentration (averaging 40% on a moisture 
free basis); whereas other legume species range from 20-30% protein, and cereals species range 
from 8-15% (Liu, 1997a).   
 
Processing 
Soybeans can be consumed either as whole products or as meal from soybean crushing.  
Soybean meal is a highly digestible feedstuff that provides the essential amino acids needed for 
animal growth (Cromwell, 2012).  When crushing soybean to make meal and oil, the most 
common method used is the solvent-extraction method, as more than 99% of the processing 
plants in the U.S. use this method (United Soybean Board, 2004).  Liu (1997a) summarizes the 
process of making soybean meal using the solvent-extraction method.  In this method, the 
soybeans are cleaned and dried to 9.5% moisture.  The soybeans are then passed through 
rollermills with corrugated rolls to crack each bean into 8-16 pieces called “meats”.  After 
cracking, the hulls are removed by aspiration to process less material and to ensure a high protein 
content of the finished meal. The remaining soybean meat is heated to 74°C to soften and to 
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maximize cell rupture to extract oil.  The cracked and heated meat is then passed through smooth 
surfaced rollermills to produce full fat flakes.  The flakes are directly transported to the extractor, 
or to an expander to further increase cell rupture before going to the extractor.  In the extractor, a 
hexane solvent is percolated through the flakes to solubilize lipids, and separate the oil.  The 
hexane-oil mixture is then evaporated, and the remaining soybean flakes (now referred to as 
defatted flakes) are transported to a desolventizer-toaster to remove the remaining hexane.  In the 
desolventizer-toaster the flakes are heated, evaporating the hexane but also toasting the flakes to 
inactivate urease and trypsin enzymes to prevent nutritional reduction and aid in digestibility.  
The resulting meal is then dried and ground through a hammermill to produce uniform meal 
particles (United Soybean Board, 2004).  From the hexane extraction method, every bushel of 
soybeans will yield 44 lbs. of high protein meal (at 48% protein content), 11 lbs. of soybean oil, 
3.5 lbs. of hulls, and 1.5 lbs. will be lost due to shrinkage (U.S. Soybean Export Council, 2008).  
Using the 10 year average market value for soybean oil ($0.40/lb) and soybean meal ($0.18/lb), 
one bushel of soybean will yield $4.44 worth of oil, and $7.78 worth of soybean meal (USDA-
ERS, 2015). 
The other 1% of processing plants in the U.S. use the screw pressing method or a variant 
of the method to make meal and oil.  Screw pressing is an older method that has been used since 
the 1930’s and has similar steps to the solvent-extraction method where the soybeans are 
cleaned, cracked, aspirated, and cooked before the oil is extracted.  In the screw pressing method, 
the oil is mechanically extracted by forcing the soybean meat through screw presses to extract 
the oil.  The soybean meat running through the screw presses creates heat by friction, and that 
heat inactivates urease and trypsin enzymes that will reduce digestibility in animals.  The 
resulting product called “cake” is then ground to a uniform size, and is cooled for storage.  
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Soybean meal from the screw pressing method has a different nutritional quality than meal from 
the solvent-extraction method, as the screw-pressed meal will have a less protein and higher oil 
content due to the screw press being unable to extract all the oil from the soy cake (United 
Soybean Board, 2004). 
 
End Use 
Although soybean is sold on the market by weight and not by seed composition, soybean 
meal drives the soybean market due to the world demand of the crop for use as livestock feed.  
Each year approximately 85% of the world’s soybean crop is crushed as soybean meal and oil 
while 15% is either used directly as food, or is processed into food (Soyatech, 2003).  Of the 
proportion processed into meal, 98% is further processed into animal feeds, while the remaining 
two percent is further processed for human consumption or protein isolates (Lusas, 2012). Of the 
proportion that goes towards animal feed, 50% is fed to poultry, 26% to swine, 11% to beef 
cattle, 8% to dairy cattle, and 2% into pet food (American Soybean Association, 2014).  The 
remaining 3% is labeled as “other”, which goes into other kinds of animal food such as fish food 
or food for other small animals (Kaushik et al., 1995).  
Of the 15% of the world’s soybean crop that is not crushed as soybean meal, 9% is 
processed into food products and 6% is used directly as food, mostly in Asia (Soyatech, 2003). 
When processing soybeans into food products, many of the steps are similar or identical to steps 
in the solvent-extraction method to extract oil and make soy meal.  However, a different 
production line is usually used to allow for modifications to the process to reduce protein 
degradation and off-flavors resulting from high temperatures. Initially, the process is similar to 
the solvent-extraction method as the soybeans are cleaned, dried, cracked, dehulled, and defatted 
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using hexane to extract the oil, but the temperatures used in the drying and hexane extraction 
steps are much lower resulting in little to no heat denaturation of proteins and a product called 
white flakes (Liu, 1997b; Lusas, 2012; Lusas and Riaz, 1995) .  To keep the temperatures lower, 
superheated hexane is used to flash desolventize the white flakes to remove residual hexane, and 
the flakes are then sent to a deodorizer where steam further removes residual hexane (Liu, 
1997b).   
From white flakes, three categories of food products can be made: soy flour, soy 
concentrate, and soy isolates.  Soy flour is made when white flakes are ground to a fine particle 
size where 97% of the product can pass through a 100 mesh screen.  Soy grits are very similar to 
soy flour, but result from grinding white flakes into a coarser particle size.  Both soy flour and 
soy grits can be used in a wide range of food products, such as breakfast cereals, bakery goods, 
beverages, desserts, meat products, soups, and stews (Liu, 1997b). 
Another product that can be made from white flakes is soy protein concentrates and soy 
protein isolates as described in Liu (1997b).  To make soy protein concentrates, white flakes are 
treated with either aqueous ethanol or with an acid to solubilize the flatulence carbohydrates 
(stachyose and raffinose) and other compounds that produce strong flavors, while the proteins 
remain insolubilized.  This allows for the carbohydrates and strong flavor compounds to be 
removed by centrifugation.  The remaining solids consisting of proteins and a small amount of 
insoluble carbohydrates are then neutralized to a pH of 7 and spray-dried.  Soy protein 
concentrates contain 70% protein, and are used in meat products such as patties, fish sticks, and 
sausages to increase water and fat retention.  Soy protein concentrates are also used in dairy 
products to stabilize dispersions in milk-like beverages and sour cream-like products (Berk, 
1992; U.S. Soybean Export Council, 2015). An additional food product, textured soy protein, is 
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made from either extruded soy flour or soy protein concentrates (Liu, 1997a).  By extruding, the 
product is given a texture similar to ground meat and is commonly used as a meat extending 
ingredient in products such as meat patties, sausage, and meat loaf (Liu, 1997b).  Textured soy 
protein is also used in vegetarian foods to add protein, as it contains 50% protein (U.S. Soybean 
Export Council, 2015). 
 According to Liu (1997b), soy protein isolates are produced in a similar fashion to soy 
protein concentrates as white flakes are treated with an aqueous or mild alkali solution to extract 
proteins and soluble carbohydrates.  This allows for centrifugation to remove the insoluble 
residues comprised of mostly carbohydrates.  The proteins are then precipitated, separated, 
decanted, washed, neutralized, and spray dried to produce a soy protein that is a highly purified 
protein-rich substance without a strong beany flavor.  Soy protein isolates are the most refined 
soy protein, containing 90% protein.  Soy protein isolates are used in a wide variety of food 
products due to its bland flavor, which will not compromise the foods original flavors.  Food 
products that soy protein isolates are used in include cream soups, dairy foods, infant formulas, 
nutritional supplements and beverages, meat systems, and sauces (U.S. Soybean Export Council, 
2015). 
When soybean protein products are added to food, often the primary goal is to add 
nutritional quality to the food product.  This could be in the form of increased amino acid or 
protein content.  However, the use of soybean products as a functional food is an ever increasing 
market trend (Sloan, 2014).  Though there is no universal definition of a functional food, the 
term generally refers to foods that are enriched, fortified, and eaten as part of a varied diet on a 
regular basis to provide health benefits beyond caloric nutrition, vitamins, and minerals to play 
an active role in overall well-being and life prolongation (Granato et al., 2010; Sloan, 2014).  
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The components of soybean that qualify them as functional foods are soy proteins and 
isoflavones.  Studies have shown that soy protein and soy isoflavones can lower cholesterol, and 
may have the potential to prevent and help in the treatment of some cancers and other chronic 
diseases (Messina, 2010; Xiao, 2008)  
 
Health Benefits 
In 1999, the United States Food and Drug Administration approved food labeling for 
items containing soy protein as a heart healthy food (Sacks et al., 2006).  The ruling was based 
on studies showing that 25g of soy protein per day lowered LDL and total cholesterol levels 
(Food and Drug Administration, 1999).  Twenty-five grams of soy protein is the equivalent of 
1.25 cups of tofu, 1-2 cups of soy milk, or an ounce of soy flour (Montgomery, 2003).  This is a 
small amount compared to the 91g of total protein for an average adult (Fulgoni, 2008), but quite 
large compared to average soy protein intake  of < 1g in the United States (Xiao, 2008).   
Additional studies have supported the cholesterol reduction claim (Reynolds et al., 2006), but the 
significance of the reduction has come into question as the net reduction of LDL cholesterol 
levels amounted to 4-5%, equivalent of an estimated reduced risk of coronary heart disease of 6-
10% (Anderson and Bush, 2013). There has been no conclusive effect of soy protein on HDL 
cholesterol or blood pressure, but an improvement in overall heart health can be attributed to 
eating more soy protein with polyunsaturated fat and less animal protein containing high 
amounts of saturated fats (Sacks et al., 2006; Xiao, 2008). 
Along with soy protein, soy isoflavones may have a beneficial effect on human health.  
Isoflavones were first studied in the 1940’s when sheep grazing on isoflavone-rich clover 
experienced fertility problems (Messina, 2010).  Studies have shown that there are three 
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isoflavones in soybean; genistein, daidzein, and glycitein, accounting for 50, 40, and 10% of the 
total isoflavone content, respectively (Murphy et al., 2002).  These isoflavones can act as 
antioxidants, antibacterials, and as protective agents against ultraviolet induced damage (Xu et 
al., 2015).  There has been mixed findings in regards to the effects of soy isoflavones on human 
health.  It was hypothesized that soy isoflavones could have a beneficial effect on breast cancer 
and prostate cancer, as Asian cultures have a low incidence of these cancers and a high intake of 
soy based foods (Sacks et al., 2006; Nagata et al., 2014).  With breast cancer, results have been 
mixed as some studies found lower cancer rates among people who ate soy (Shu et al., 2001), 
and no significant reductions from eating soy foods (Nishio et al., 2007).  Prostate cancer results 
have been mixed as well, as studies have shown that isoflavones can result in apoptosis of the 
cancer cells (Mahmoud et al., 2014) and that intake of soy products resulted in lower cancer 
incidence rates (Nagata et al., 2007), but soy intake did not result in lowered cancer rates in all 
groups of men (Xiao, 2008).  Though the results of some tests are promising, more information 
is needed before isoflavones can be used as a cancer treatment method or for prevention. 
 
Protein Effects 
Though producers are not offered a premium for higher protein soybeans, a soybean crop 
with improved protein will lead towards greater demand, a higher market share, and ultimately a 
better soybean price for farmers (Illinois Soybean Association, 2013). To increase the protein 
concentration of soybeans, traditional breeding methods can be used for population development 
and improvement; however, this comes with a yield penalty as high protein concentration has a 
negative effect on yield (Hartwig and Hinson, 1972).  This can be a strong negative correlation 
between protein concentration and yield, with correlation coefficients ranging from r =  -0.23 to  
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-0.86 (Wilcox and Cavins, 1995).  Attempts have been made to break the negative association, 
but with mixed results as the negative correlation coefficients improved (r =  -0.06 to -0.21), but 
were still present (Cober and Voldeng, 2000).  Cultivars with an improved negative correlation 
coefficient could be useful in breeding populations as alleles exhibiting an increase in protein but 
a small effect on yield would be desired to improve protein without having a significant impact 
on yield. 
Protein concentration also has a negative correlation with oil concentration, with a 
reported correlation coefficient of -0.91, but oil concentration is positively correlated with yield 
as correlation coefficients ranged from 0.27 to 0.35  (Hartwig and Hinson, 1972).  The negative 
association between protein and oil is unfavorable for soybean processors, as they first crush the 
soybeans for oil, and then sell the remaining meal as a source of protein.   Soybean cultivars with 
both high oil and high protein concentration would be preferred to maximize profits.   
 
Environmental Factors 
Beyond genetic correlations, environmental factors can also influence the protein 
concentration in soybean.  Studies have shown that protein meal from the southeast and 
Mississippi Delta region had higher protein concentrations than northern protein meal, resulting 
in 15 to 20 g kg
-1
 more protein when grown in the southern US, indicating that temperature could 
influence protein accumulation in soybean (Breene et al., 1988; Hurburgh et al., 1990).  In a 
study by Dornbos and Mullen (1992), a linear increase in protein concentration was detected 
from growing soybeans in environments with higher air temperatures.  In a controlled 
greenhouse environment, air temperatures were set at 27°C, 29°C, 33°C, and 35°C.  By 
increasing temperature from 27°C to 35°C, protein concentration increased 4.4% (Dornbos and 
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Mullen, 1992).  This supported the earlier work of Wolf et al. (1982) where protein concentration 
remained relatively constant at lower temperatures of 18° to 30°C, but increased over 8% when 
grown at temperatures of 33°C (Wolf et al., 1982); however, this was contradictory to the 
findings of Cartter and Hopper (1942) where they found protein concentration decreased with 
temperatures ranging from 14 to 20°C. 
A more comprehensive approach was taken by Piper and Boote (1999) where they 
analyzed the effect of temperature on protein using data from the Soybean Uniform Tests, 
consisting of 20 cultivars in 10 maturity groups across 60 locations.  The objective in this study 
was to relate protein and oil concentrations to a wide range of growth temperatures, but also to 
gain knowledge of how geography affects composition.  When they evaluated the effect of 
temperature on protein, the results indicated that a quadratic regression model best fit the data, 
and this model supported many of the earlier studies on protein and temperature.  They observed 
a decrease in protein concentration between average daily temperatures of 14 to 20°C, a plateau 
between 20 to 25°C, and an increase in concentration above 25°C (Piper and Boote, 1999). 
When temperature was used as a covariate in a regression analysis, the true genetic variation for 
protein was calculated at 40 g kg
-1
 among the adapted cultivars tested (Piper and Boote, 1999).  
This indicates that the higher protein concentrations observed in the southern USA results mainly 
from increased temperatures, but genetics also does play a role. 
Drought stress has also been reported to have an effect on the protein concentration of 
soybean.  In a greenhouse study of “Gnome” and “Hodgson 78”, three levels of drought 
conditions (control, moderate, and severe) were tested along with differing air temperatures 
(27°C, 29°C, 33°C, and 35°C).  Tested across temperatures, the severe level of drought increased 
protein concentration 4.4% (Dornbos and Mullen, 1992); however, Specht et al. (2001) found 
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that protein concentration decreased with drought stress. In the Specht study, a population of 236 
RILs was tested in six water treatment levels of 0, 20, 40, 60, 80, and 100% evapotranspiration 
(Specht et al., 2001).  As the amount of water to the crop decreased (represented by decreasing 
percent of evapotranspiration) protein levels decreased.  This decrease was only 1.2%, and was 
only from one year of data.  The conflicting effects of drought stress on protein concentration as 
well as conflicting results of other environmental effects on protein demonstrates that the factors 
controlling protein production in soybean is very complex, and worthy of further studies. 
 
Protein QTL Identification 
 To provide growers with high protein soybean cultivars, plant breeders could incorporate 
quantitative trait loci (QTL) into cultivars to increase protein concentration.  QTL control the 
trait of interest by the action of several genes with small effects to a few genes with larger effects 
(Liu, 1998). To identify a QTL, genetic markers are used to identify marker-trait associations 
with the trait of interest using phenotypic data from a segregating population or a population of 
related or unrelated lines.  Traditional QTL mapping uses segregating populations to test for 
different combinations of alleles to measure linkage disequilibrium, or the nonrandom 
association of alleles at different loci (Tanksley, 1993).  Association mapping is a more modern 
approach to identify QTL where historical meiotic events causing linkage disequilibrium are 
detected (Jannink and Walsh, 2002).  For both traditional QTL mapping and association 
mapping, statistical analyses are used to analyze marker-trait associations with a significant 
association evidence of a QTL being present near the markers ( Liu, 1998; Tanksley, 1993).   
Protein concentration in soybean is quantitatively inherited (Burton, 1985; Wilcox, 
1985), and many protein QTL have been identified (Fasoula et al., 2004; Mansur et al., 1993; 
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Panthee et al., 2005).  There are currently 150 protein QTL listed on SoyBase, but many are not 
independent as the same QTL are listed repeatedly across studies (Grant et al., 2010).  Of the 
identified seed protein QTL, the QTL on chromosome 20 (formerly linkage group I) has been the 
most widely studied QTL in soybean due to its large additive effect and its presence in as many 
as 24 sources of high protein (Diers et al., 1992; Brummer et al., 1997; Sebolt et al., 2000; 
Csanádi et al., 2001; Phansak et al., 2016).  This QTL was given the official designation cqSeed 
protein-003 and a QTL for oil concentration at this same locus was given the designation cqSeed 
oil-004 (Nichols et al., 2006). 
The major QTL on chromosome 20 was first mapped by Diers et al. in 1992.  This QTL 
was discovered in a population derived from crossing a G. max line (A81-356022) with a G. soja 
plant introduction (PI 468916).  An analysis of the population with RFLP markers showed that 
the G. soja allele resulted in a protein increase of 24 g kg
-1
 compared to the allele from A81-
356022 (Diers et al., 1992).   After the QTL was first identified, it was bred into different genetic 
backgrounds and tested in new environments (Sebolt et al., 2000).  Testing QTL in different 
backgrounds and environments is a crucial step in verifying whether QTL effects are background 
or environmental specific (Tanksley & Hewitt, 1988).  Sebolt et al. (2000) transferred the high 
protein QTL allele on chromosome 20 from G. soja into three different backgrounds: “Parker”, 
“Kenwood”, and an experimental line C1914.   “Parker” and “Kenwood” were high yielding 
lines with average protein concentrations, and C1914 was a low yielding line with a high protein 
concentration.  A BC3 derived line with the high protein allele was crossed to each new 
background, and progeny were grown in both Michigan and Illinois.  The allele from G. soja was 
associated with greater protein concentration in both the “Parker” and “Kenwood” populations, 
but had no significant effect was detected in the C1914 background.  The authors hypothesized 
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that the reason no association was found in the C1914 background is because the South Korean 
plant introduction “Pando”, which was the source of the high protein concentration in C1914, 
already contained the high protein QTL allele (Sebolt et al., 2000).  The finding that the high 
protein allele from G. soja significantly increased protein concentration in different genetic 
backgrounds shows that the high protein QTL was not background or location specific and is a 
viable means for increasing protein in soybeans. 
In the same study by Sebolt et al. (2000), the high protein allele from G. soja was 
backcrossed into the recurrent parent A81-356022.  A BC3 population was developed to confirm 
the QTL and to test for effects on other agronomic traits.  In lines homozygous for the high 
protein allele, protein concentration was 21 g kg
-1
 higher and plants were taller, but yield, oil 
concentration, and seed weight were reduced, and maturity was earlier than lines homozygous 
for the G. max alleles (Sebolt et al., 2000).  This confirmed the QTL, but also revealed the 
negative agronomic effects associated with the high protein allele. 
Fine mapping of the chromosome 20 protein QTL was conducted by Nichols et al. (2006) 
to further delineate the location of the QTL using a population with genetic recombinations 
within the QTL region.  By identifying plants with recombination events close to the QTL, its 
location  and underlying genes can be further narrowed (Paterson et al., 1990; Eshed and Zamir, 
1995).  Nichols et al. (2006) were able to narrow  the position of the protein QTL to a 3 cM 
region of chromosome 20 flanked by the SSR markers Satt239 and ACG9b (Nichols et al., 
2006).  A QTL also was mapped  to the same region on chromosome 20 using a different high 
protein source by Chung et al. (2003), further confirming this region. 
To increase insight into the location of the chromosome 20 protein QTL, genomic 
sequence data and genome-wide association studies have been used to further demarcate the 
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QTL region.  This was largely aided by the extensive expansion of knowledge resulting from the 
sequencing of the soybean genome (Schmutz et al., 2010).  Bolon et al. (2010) used a large 
number of SSR markers to narrow the QTL interval to a 8.4 Mbp region between the markers 
Sat_174 and ssrpqtl_38 on chromosome 20.  Transcriptome sequencing was also conducted, 
resulting in 13 genes identified as possible gene candidates responsible for the high protein effect 
(Bolon et al., 2010).  Hwang et al. (2014) conducted a genome-wide association study using 
42,368 single nucleotide polymorphisms (SNPs) in a genetically diverse set of 298 lines.  From 
this study, the candidate gene region was narrowed to a 2.4 Mbp region located at 28.7-31.1 Mbp 
(Gmax2.0 assembly) containing 6 candidate genes (Hwang et al., 2014).  An additional genome-
wide association study was conducted by Vaughn et al. (2014) where the protein content of 934  
accessions from the USDA Soybean Germplasm Collection, mostly maturity group V accessions 
from South Korea, were grown in Mississippi in 1999 and 2001.  From this study, the candidate 
gene region was narrowed to a ~1 Mbp region located at 32.1-33.1 Mbp (Gmax2.0 assembly), 
approximately 1 Mbp from the candidate gene region identified by Hwang et al. (2014).  
However, when the same analysis was used on a different set of accessions, 977 from maturity 
groups III and IV mostly from China and Japan, no significant association was detected on 
chromosome 20.  A larger genome-wide association study was conducted by Bandillo et al. 
(2015) with a diverse set of 12,000 accessions from the USDA Soybean Germplasm Collection 
using 36,513 SNPs.  In this study, the candidate gene region was located to a ~2.4 Mbp region 
located at 30.7-33.1 Mbp (Gmax2.0 assembly).  This region contains three plausible candidate 
genes and encompasses part of the region identified by Hwang et al. (2014) and the whole region 
identified by Vaughn et al. (2014).     
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Although these studies have narrowed the candidate gene region for the protein QTL on 
chromosome 20, more research is needed.  Additional fine mapping or extra-fine mapping could 
provide a complementary approach to the genome-wide association studies and could facilitate 
the identification of a candidate gene.  Once a candidate gene is identified, the gene would be 
cloned and put into other backgrounds for testing to provide the final confirmation (Salvi and 
Tuberosa, 2007).  This could then lead the way for a transgenic approach to increase the protein 
concentration in soybean. 
 
Ionomics 
 In addition to protein, soybean is a good source of micronutrients essential for human 
health.  An estimated 2 billion people in both developed and undeveloped countries suffer from 
micronutrient deficiencies resulting in chronic diseases, growth disorders, and complications in 
child birth (Tulchinsky, 2010). To alleviate this growing problem, soybean can be used to fortify 
foods with micronutrients.  One serving of boiled soybeans (around 90g) provides 4 mg of iron 
(40% of the recommended daily allowance (RDA)), 1 mg of zinc (7% of RDA), and 138 mg of 
calcium (14% of RDA), about the calcium equivalent of 1/3 cup of milk (Messina, 1999; 
Institute of Medicine, 2006; USDA-ARS, 2016a).  With the world’s population projected to 
reach 9.3 billion people by the year 2050 (United Nations, 2011), it is paramount to produce 
soybean with increased micronutrient concentrations to provide adequate nutrition.  To do so 
would first require an understanding of how elements accumulate within the plant from the study 
of the ionome through ionomics. 
 The ionome is defined as “the mineral nutrient and trace element composition of an 
organism and represents the inorganic component of cellular and organismal systems” (Salt et 
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al., 2008). Ionomics is the study of the ionome through quantitative measurement of elemental 
accumulation using high-throughput elemental profiling (Baxter, 2009).  The ionome is a 
complex network of elements controlled by the biochemistry and physiology of plants, which are 
controlled by genetic and environmental factors (Baxter, 2010).  The ionome is separate from the 
transcriptome, proteome, and metabolome, but all are inter-dependent on one another (Salt, 
2004).  
 
Soil and the Ionome 
 In addition to explaining the elemental composition of plants, ionomics can look into the 
quality of the soil as seed composition is an indicator of the plant’s interaction with the 
environment (Baxter and Dilkes, 2012).   Besides Carbon and Oxygen, all other elements within 
the plant are obtained by the roots from the soil, mostly in the root hair zone (Gilroy and Jones, 
2000; Baxter and Dilkes, 2012).  Upon entering the root, elements will either enter the symplast 
through the plasma membrane of an epidermal cell or through the apoplast by diffusion through 
cell walls (White and Brown, 2010).  Once absorbed, the elements are then transported to storage 
tissues, such as seeds, via the xylem (Singh et al., 2013).   
Plants are sessile, thereby cannot move away from a poor or toxic growing area.  If a 
plant is grown in a poor or toxic growing area, the plant can grow and yield poorly, or even 
accumulate an undesirable or dangerous level of the element within the seed.  In rice, arsenic 
(As) contamination is a major concern as the groundwater in the major growing areas of 
Southeast Asia have high levels of As, leading to symptoms ranging from nausea to conditions 
such as cancer (Ratnaike, 2003; Azizur et al., 2008).  In sunflower, the presence of cadmium 
(Cd) can occurs in the seed and oil leading to a decrease in flavor, oxidative stability, and safety 
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of the oil product (Murillo et al., 1999).  Cd is a highly toxic element with a long half-life (30 
years) that can affect the kidneys, reproductive system, and lungs in humans (Mena et al., 1996).  
Cd and other heavy metals can be present over large areas of land as a result of agricultural 
activities such as applying pesticides and fertilizers, but also from industrial sources such as 
metal smelting and mining (Yang et al., 2005).   
With an increase in world population more land will be used to meet the increasing food 
demand, and often this land will be contaminated with heavy metals or high levels of unwanted 
nutrients (Baxter and Dilkes, 2012).  To negate the effect of the contaminated soil, data obtained 
from ionomic analyses can be used to identify QTL or genes responsible for the elemental 
accumulation in crops.  This would then help researchers identify methods to control the uptake 
of certain elements within plants.  Genes controlling the flow of elements have already been 
found in plants, such as HKT1 for Sodium tolerance in wheat that prevents the translocation of 
Sodium to the shoots (Munns et al., 2012), and the ScACR3 gene in rice that sequesters As in the 
root, preventing a toxic accumulation in the seed (Duan et al., 2012).  By mapping QTL 
responsible for elemental accumulation in crops, improvements can be made by increasing 
desired elemental concentrations, and preventing undesirable elements from accumulating within 
the plant. 
 
Ionomic QTLs 
Environment and plant genetics ultimately control the ionome, therefore QTLs can be 
identified that control the accumulation of an element within a plant.  The accumulation of one 
element is rarely correlated with other elements across environments or genotypes; therefore, it is 
unlikely to fine genes that control whole sets of elements (Baxter, 2009).  However, there are 
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relationships between elements and biological units within the plant, but more research is needed 
to accurately incorporate this interaction into ionomic analysis (Baxter, 2015).  This requires 
each element to be treated as an individual trait which allows for traditional QTL mapping and 
gene exploration to be conducted. 
 In order to successfully map a QTL or identify a gene, an accurate phenotype is needed 
and very thorough explanation of methods for phenotyping elements was given by Salt et al. 
(2008).  In ionomics, this is accomplished using a high throughput spectroscopy system using 
inductively coupled plasma with optical emission spectroscopy (ICP-OES) or with mass 
spectrometry (ICP-MS).  Inductively coupled plasma systems use a silica torch to generate 
plasma, a gas where atoms are in an ionized state.  The silica torch is located within a cooled coil 
of a radio frequency generator, and when the flowing plasma gas is passed into the plasma torch 
the radio frequency field ionizes the gas, making it electrically conductive.  The plant sample to 
be analyzed is delivered in aerosol form via another gas stream to the plasma.  To supply the ICP 
system with plant samples in aerosol form, leaves or seeds are first weighed to standardize the 
data, then are treated with an acid to digest the sample down to the elemental components 
(Baxter, 2010).  Once introduced into the plasma, the atoms from the plant sample are ionized 
into singly charged positive ions, and are detected via an optical emission spectrometer or mass 
spectrometer.  Each element will then have different wavelength characteristics that allow for the 
element to be quantified (Salt et al., 2008).  Most ionomic studies measure 12-20 elements, 
including Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Cd, Li, B, Na, Mg, P, S, K, Ca, and Mn 
(Baxter, 2009).   
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Once the elemental composition has been quantified for samples, QTL identification and 
gene discovery studies can be conducted.  QTL for elemental accumulation have been identified 
in several crops including corn, common bean, and rice (Baxter et al., 2013). 
In rice, a study by Garcia-Oliveira et al. (2009) identified 31 QTLs for eight elements in a 
RIL population derived from a cross between an elite rice (Oryza sativa ssp. indica) cultivar 
Teqing and wild rice (Oryza rufipogon).  Of the 31 QTL identified, 26 alleles for higher 
concentration were inherited from the wild rice parent, and 14 were located on chromosomes 1, 
9, and 14.  Though 31 total QTL were identified, only 17 common QTL were identified in year 
one and year two during this two year study.  This further demonstrates the environmental effect 
on elemental accumulation (Baxter, 2010).  One of the QTL that was identified in each year of 
analysis was a QTL for Zn accumulation, accounting for 11-19% of the phenotypic variation 
(Garcia-Oliveira et al., 2009).  This QTL happened to be located near a SSR marker (RM152) on 
chromosome 8, which would allow for marker-assisted selection in rice breeding programs for 
increased Zn accumulation (Garcia-Oliveira et al., 2009). 
In corn, a study by Baxter et al. (2013) identified 25 QTL controlling 10 traits in the 
intermated B73 x Mo17 maize population.  This was accomplished using best linear unbiased 
predictions (BLUPs) that were generated from the ionomic analysis of seed from locations in 
North Carolina and New York.  BLUPs were used to find QTL that were effective across 
locations, as one of the goals of ionomics is to understand the elemental accumulation in crops so 
they can be biofortified to provide increased nutrition.  Of the 25 QTL identified, two were 
mapped to previously identified regions for elemental accumulation.  A QTL for Fe 
concentration was detected on maize chromosome 5, which is syntenic to rice chromosome 2.  A 
QTL for Fe concentration had been previously identified on chromosome 2 in rice (Garcia-
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Oliveira et al., 2009).  The other QTL was for Zn concentration on maize chromosome 1, and it 
mapped to an area on rice chromosome 12 where a QTL for Zn concentration was previously 
identified (Garcia-Oliveira et al., 2009; Baxter et al., 2013).  Having two QTL in maize map to 
syntenic regions in rice indicates that conserved genes may be responsible for Fe and Zn 
accumulation in both rice and maize (Baxter et al., 2013). 
In common bean (Phaseolus vulgaris L.), 26 QTL for Fe and Zn concentration were 
identified in a study by Blair et al. (2008).  The QTL were identified in a RIL population using a 
low mineral genotype parent (DOR364) crossed to a high mineral genotype parent (G19833).  In 
this study, 11 QTL (5 for Fe, 6 for Zn) were identified on the upper half of linkage group B11, 
accounting for nearly 50% of the phenotypic variance.  Due to their close proximity, it is 
possible that the significant markers on linkage group B11 could be detecting the same QTL.  
The other QTL for Zn were identified on linkage groups B3, B6, B7, and B9; and the QTL for Fe 
were identified on linkage groups B4, B6, B7, and B8 (Blair et al., 2008).   
A similar study by the same author then identified QTL for Fe and Zn accumulation in a 
Mesoamerican common bean RIL population derived from an intra-genepool cross of  a high 
seed Fe and Zn cultivar (G14519) and a low seed Fe and Zn cultivar (G4825) (Blair et al., 2010). 
Thirteen total QTL were identified, including seven located on linkage group B6 for Fe and Zn, 
six of which were located near one another.  Four QTL for Fe were identified on linkage groups 
B4 and B7, and on B2, B3, and B8 for Zn (Blair et al., 2010).   
In yet another similar study by the same author, QTL for Fe and Zn accumulation were 
identified in a Andean common bean RIL population derived from an intra-genepool cross of  a 
high seed Fe and Zn cultivar (G21242) and a low seed Fe and Zn cultivar (G21078) (Blair et al., 
2011).  Nine total QTL were identified, with novel QTL identified on linkage group B2, and the 
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rest on linkage groups B6, B7, and B8 (Blair et al., 2011).  When looking at all three studies of 
Fe and Zn accumulation by Blair, patterns of QTL inheritance can be detected.  In all three 
studies, QTL were identified on linkage groups B6, B7, and B8, but QTLs unique to a common 
bean gene pool were also identified.  This provides an example of what to expect when mapping 
QTL controlling elemental accumulation in different gene pools of a crop species.  By 
conducting more QTL analyses on elemental accumulation, additional knowledge can be gained 
on how elements accumulate in plants, which could ultimately help to improve agriculture.
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CHAPTER TWO: Yield Drag Associated with the Aphid Resistance Gene Rag2 from 
PI 200538 
 
Introduction 
The soybean aphid (Aphis glycines Matsumura) is an economically important pest of 
soybean that was first discovered in North America during the summer of 2000 in southern 
Wisconsin (Alleman et al., 2002).  Native to eastern Asia, soybean aphids are capable of causing 
severe yield losses of over 50% (Beckendorf et al., 2008) and during the growing season of 
2003, over 2 million hectares were damaged in Illinois and Minnesota accounting for losses of 
over $130 million (Ostlie, 2004; Steffey, 2004).  If left untreated, soybean aphid infestations can 
cause yield reductions of over $2.4 billion on an annual basis (Song et al., 2006). Aphid 
infestations can lead to yellow and wrinkled leaves, reduced number of branches, stunted plants, 
and eventually aborted flowers and pods (Lin et al., 1993).  A fungus called sooty mold can 
further decrease the photosynthetic capacity of plants by forming on the sugary secretions 
(“honeydew”) from aphids, leading to decreased light interception of the leaves (Tilmon et al., 
2011).  Soybean aphids can also transmit plant viruses, vectoring the Soybean mosaic virus, 
Alfalfa mosaic virus, Bean yellow mosaic virus, and Tobacco ringspot virus in soybean (Clark 
and Perry, 2002; Wang et al., 2006).  It also can vector viruses to species beyond its primary and 
secondary host, such as Cucumber mosaic virus to common bean (Gildow et al., 2008), Tobacco 
etch virus and Tobacco vein mottling virus to tobacco (Wang et al., 2006), and Potato virus Y to 
potatoes (Solanum tuberosum L) (Davis et al., 2005).  
 There are currently 10 named soybean aphid resistance genes and alleles: Rag1 (Hill et 
al., 2006a; b), rag1b (Bales et al., 2013), rag1c (Zhang et al., 2010), Rag2 (Mian et al., 2008b; 
Hill et al., 2009), Rag3 (Zhang et al., 2010), rag3 (Mensah et al., 2008), Rag3b (Zhang et al., 
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2013), rag4 (Zhang et al., 2009), Rag5 (Jun et al., 2012), and Rag6 (Xiao et al., 2013).  
Resistance is classified as either antibiosis or antixenosis, where antibiosis resistance interferes 
with the biology and reproduction of the aphid whereas antixenosis resistance interferes with the 
behavior of the aphid by discouraging feeding on resistant plants (Hill et al., 2012). 
 Virulence diversity within soybean aphid has been identified and four different biotypes 
of aphids were discovered.  The first report of soybean aphid biotypes was by Kim et al. (2008) 
after soybean aphid populations were found colonizing on plants with the Rag1 gene in Ohio.  In 
growth chamber studies, the soybean aphids from Ohio were shown to colonize Rag1 but were 
unable to colonize plants with Rag2.  The aphids from Ohio were then designated as Biotype 2, 
whereas the aphids originally found in Illinois that could not overcome Rag1 or Rag2 resistance 
were designated as Biotype 1.  Biotype 3 was then identified from an aphid population in Indiana 
that could increase on plants with Rag2, but not on plants with Rag1 (Hill et al., 2010).  Biotype 
4 was later identified from a field in Wisconsin where aphids were readily populating soybean 
plants with both Rag1 and Rag2 (Alt and Ryan-Mahmutagic, 2013).   
Rag1 was identified as a dominant resistance gene originating from the cultivar Dowling 
(Hill et al., 2006a).  Rag1 provides antibiosis-type resistance and was mapped to chromosome 7 
(formerly linkage group M) between the SSR markers Satt435 and Satt463.  Rag1 was later fine 
mapped to an 115 kb region between the SNP markers 46169.7 and 21A (Kim et al., 2010a). 
Rag2 was first identified in PI 243540 (Mian et al., 2008b; a) and was shown to confer 
antibiosis-type resistance. The gene was mapped to chromosome 13 (formerly linkage group F) 
between the markers Satt334 and Sct_033 (Mian et al., 2008b).  An aphid resistance gene that 
displayed antibiosis-type resistance was mapped from PI 200538 to the same interval as Rag2 
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and it assumed that this PI also carries Rag2 (Hill et al., 2009).  Rag2 from PI 200538 was later 
fine mapped to a 54 kb region between the SNP markers KS9-3 and KS5 (Kim et al., 2010b). 
As novel traits are introgressed into adapted germplasm, linkage drag in the form of 
undesirable agronomic trait alleles can occur (Tanksley and McCouch, 1997; Boerma and 
Walker, 2005).  To test if the introgressions of Rag1 or Rag2 had any unintended effects on 
agronomic traits, two separate tests were conducted by Kim and Diers (2009; 2013) in aphid free 
environments.  When populations segregating for Rag1 were analyzed, the Rag1 allele was 
significantly (P<0.05) associated with a two day delay in maturity compared to the susceptible 
allele, but no significant associations were detected for yield, plant height, or lodging (Kim and 
Diers, 2009).  When populations segregating for Rag2 were analyzed, Rag2 was not significantly 
associated with plant height, lodging, or maturity date; however, across two populations in one 
background a significant yield drag of 256 kg ha
-1
 was associated with the Rag2 allele (Kim and 
Diers, 2013).  In a second background, a significant yield drag was observed in one population, 
but not a second, and no significant yield drag was found across the two populations. 
A study analyzing the effects of Rag1 and Rag2 was conducted by Brace and Fehr (2012) 
where backcross lines with Rag1 and Rag2 were compared to the donor and recurrent parents for 
agronomic traits in aphid free environments.  In their study, when the mean of the backcross 
lines was compared to the susceptible recurrent parent, a significant difference was found for 
maturity, lodging, height, and yield.  Backcross lines yielded 147 kg ha
-1
 less, matured one day 
later, were four cm shorter, and lodged less than the susceptible recurrent parent. However, 
individual lines within the backcross population were identified that were not significantly 
different from the susceptible recurrent parent.  Backcross lines contained both Rag1 and Rag2, 
so effects of the individual genes could not be assessed.  These results have not shown whether 
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the reduced yield associated with Rag2 is caused by linkage drag, background effects, or a 
pleiotropic effect of Rag2.  Therefore, the objective of this study was to confirm and characterize 
the cause of the reduced yield associated with Rag2.  First, a backcross population was 
developed which consisted of lines with all combinations of the resistant and susceptible alleles 
at Rag1 and Rag2 to further elucidate the effect of Rag2 in combination with Rag1. Second, 
backcross populations of near isogenic lines (NILs) were developed to determine if yield QTL(s) 
that cause yield drag associated with Rag2 can be localized and separated from this gene. 
 
Materials and Methods 
Plant Material 
To test the direct or associated effects of Rag1 and Rag2, a population that segregates for 
all combinations of resistance and susceptible alleles for the two genes was developed (genetic 
effect population). The population was derived from a cross between two lines developed 
through backcrossing aphid resistance genes into the background of LD02-4485, a maturity 
group (MG) II, high-yielding cultivar developed by the University of Illinois. The female parent 
was LD09-15159, which carries Rag2 and was developed through five backcrosses using LD02-
4485 as a recurrent parent and the Rag2 resistance source PI 200538 as a donor parent. The male 
parent was LD05-3050Ra (4485Ra3-7), which was developed through three backcrosses using 
LD02-4485 as a recurrent parent and the Rag1 source Dowling as a donor parent. LD05-3050Ra 
also has the Glyphosate tolerance gene originating from the Monsanto line 40-3-2 (Padgette et 
al., 1995).  The aphid resistance genes were selected with genetic markers linked to the 
resistance genes during the backcrossing done to develop the parent lines (Kim et al., 2010a; b).  
The resistance genes in lines were verified in the final population using Taqman assays (Applied 
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Biosystems, Foster City, CA) described in Kim et al. (2010a; b).  In the Rag1 backcrossing, the 
Glyphosate tolerance gene was selected by spraying F1 plants with glyphosate (Roundup 
WeatherMax, 540 g acid equivalent L
-1
, Monsanto, St. Louis, Mo) at a rate of 840 g acid 
equivalent ha
-1
 with a hand-held sprayer.  The cross between the two backcross parents was 
made in 2009 and the F1 and F2 progeny were grown.  In 2011, hill plots of F2:3 lines were grown 
in Urbana, IL and screened using the Taqman assays 22289 for Rag1 and KS12 for Rag2 (Kim et 
al., 2010a; b) and for Glyphosate tolerance. F3 plants that survived the Glyphosate treatment and 
were homozygous for markers at each gene were selected, grown to maturity, and harvested 
individually forming a population of F3-derived lines.  F3:4 seeds were planted in the field during 
the spring of 2012 in single row plots that were one meter long to further increase seed.  Thirty-
nine F3-derived lines were selected based on homozygosity for the Glyphosate tolerance gene 
and resistance or susceptible alleles at Rag1 and Rag2. This included eight lines homozygous for 
the resistance allele at Rag1 and homozygous for the susceptible allele at Rag2, ten lines 
homozygous for the resistance allele at Rag2 and homozygous for the susceptible allele at Rag1, 
11 lines homozygous for the resistance allele at both Rag1 and Rag2, and ten lines homozygous 
for the susceptible allele for both genes. 
 To determine if QTL causing yield drag can be separated from Rag2, new populations 
were developed from both genetic backgrounds used by Kim and Diers (2013) (yield drag 
populations).  In the Kim and Diers (2013) study, the 4485 background was developed by using 
LD02-4485 as the recurrent parent in five backcrosses and a line homozygous for Rag2 from a 
mapping population developed by crossing Ina with PI 200538 as the donor parent for Rag2.  
The 6566 background was developed by using the high yielding MG III experimental line LD03-
6566 as a recurrent parent for four backcrosses and a line homozygous for Rag2 derived from a 
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population with the pedigree LD02-4485 x (Ina x PI 200538) as the donor parent.  To develop 
lines segregating for different intervals in the Rag2 region, BC4F2 or BC5F2 plants originating 
from the Kim and Diers (2013) study were tested with markers within this region to identify 
plants with crossover events near Rag2 resulting in heterozygosity for part of the introgression 
and homozygosity for other parts.  From this screen, three plants with unique crossover locations 
were selected in the 4485 background and four plants in the 6566 background. These selected 
plants were then selfed and a population was developed from each plant using single seed 
descent. The BC4F3 and BC5F3 plants were tested with markers within the segregating intervals to 
identify plants homozygous for alleles from either the recurrent parent or the donor parent PI 
200538.  Homozygous plants were then selected, grown to maturity and harvested individually 
forming populations of BC5F3:4 and BC4F3:4 lines.  BC5F3:4 and BC4F3:4 seeds were planted in the 
field during the spring of 2013 in single-row plots that were one meter long to increase seed.  
Ninety-two total lines were developed in the 4485 background; 20 in the 203a-4-3 population, 32 
in the 203a-4-7 population, and 40 in the 203a-4-28 population.  One hundred and four total lines 
were developed in the 6566 background; 24 in the 206a-6-3 population, 16 in the 206a-6-7 
population, 24 in the 206a-6-8 population, and 40 in the 206a-6-16 population.  Each population 
contained an equal number of lines homozygous for alleles from either the recurrent or the donor 
parent. 
 
Field Testing 
The genetic effect population was tested at the Crop Sciences Research and Education 
Center at Urbana, IL; at the Northern Illinois Agronomy Research Center in DeKalb County, IL; 
and in a grower’s field near Pontiac, IL in 2013, 2014, and 2015.  The population was planted on 
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May 17, 2013, May 27, 2014, and May 20, 2015 in Urbana; May 14, 2013, May 7, 2014, and 
May 7, 2015 in Pontiac; and May 14, 2013, May 20, 2014, and May 22, 2015 in DeKalb.  For 
each location, lines were grown in one test arranged in a randomized complete block design with 
two replications at DeKalb and Pontiac, and in a single replication in Urbana.  Seed of each line 
was planted in two-row plots with a 0.76 m row spacing, a 3.6 m length, and a seeding rate of 27 
seeds m
–1
 of row.   
 For the yield drag populations containing segregating intervals of Rag2, BC4F3-derived 
and BC5F3-derived lines were planted using the plot size and seeding rate described above in two 
locations per background in 2014, 2015, and 2016.  Within each background, lines from the three 
or four populations were combined and then split into two sets with three replications each 
arranged in a randomized complete block design.  The lines were divided into two sets such that 
each set had one-half of the lines from each population in the background.  When lines were 
divided into sets, care was taken so each set was comprised of an equal number of lines fixed for 
the introgressed region from the donor and recurrent parent for each population. The lines in 
each background were divided into two sets to reduce block size and the overall design of 
combining lines across populations was used so comparisons can be made across populations.  
   The 4485 background populations were tested in a grower’s field near Pontiac, IL and at 
the Crop Sciences Research and Education Center at Urbana, IL all three years.  The tests were 
planted on May 21, 2014, May 14, 2015, and May 23, 2016 in Urbana; and May 7, 2014, May 7, 
2015, and May 20, 2016 in Pontiac.  The 6566 background populations were grown at the Crop 
Sciences Research and Education Center at Urbana, IL and a grower’s field near Arthur, IL all 
three years.  The 6566 background population was planted on June 6, 2014, May 14, 2015, and 
May 23, 2016 in Urbana; and May 8, 2014, May 5, 2015, and May 18, 2016 in Arthur.   
53 
 
For both the genetic effect population and the yield drag population, each environment 
was monitored for the presence of soybean aphids during the growing season, and plant height, 
plant lodging, maturity date, and seed yield were measured for each plot.  Plant height and 
lodging were recorded at the R7 to R8 growth stages (Fehr et al., 1971), with plant height 
measured as the average distance from the soil to the top node of the plant, and lodging scored 
on a 1 to 5 scale with 1 denoting all erect plants, and 5 denoting all lodged plants.  Maturity date 
was measured as the day when 95% or more of the pods on the main stem had attained their 
mature color (R8).  Seed yield was estimated by harvesting plots with an ALMACO SPC20 
(ALMACO, Nevada, Iowa) research plot harvester, and yield was adjusted to 130 g kg
-1
 
moisture. Data were analyzed using the PROC MIXED function of SAS 9.4 (SAS Institute, 
2016) where environments, replications within environments, and the line by environment 
interaction were analyzed as random effects while lines and sets were considered fixed effects. 
Each location by year combination was then analyzed as a separate environment (Kim and Diers, 
2009). 
 
Genetic Marker Analysis  
To establish the size of the introgressed regions surrounding Rag2 in the yield drag 
populations, 23 SSR markers and 1 SNP were used to genotype the Rag2 region (Table 2.1).  For 
genotyping, genomic DNA was isolated with the CTAB (hexadecylatrimethylammonium 
bromide) method described by Keim and Shoemaker (1988) using tissue collected from 
greenhouse grown soybean plants.  Primer sequences for the SSR markers were developed by 
Song et al. (2004, 2010) and were obtained from SoyBase (Grant et al., 2010), and PCR 
amplifications were done according to Cregan and Quigley (1997). PCR products were analyzed 
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on 6% nondenaturing polyacrylamide gels according to Wang et al. (2003).  The SNP marker 
used was a Taqman marker closely linked to Rag2 that was developed by Kim et al. (2010b).  
The Taqman primer and probe were designed by the Assays-by-Design Service (Applied 
Biosystems, Foster City, CA) and a Roche LightCycler 480 (Roche Diagnostics, Basel, 
Switzerland) was used for genotyping according to Kaczorowski et al. (2008). 
 
Results 
Genetic Effects Population 
Environments were routinely monitored for soybean aphid infestation during the growing 
season.  Because no aphids were detected at field sites or were present in low numbers, soybean 
aphids were assumed to have no or very limited effect on agronomic traits which allowed for the 
measurement of the direct effect of the genes on yield and other traits.  Across environments, 
there were significant (P<0.05) differences in yield, plant height, maturity, and lodging when 
lines containing one or more aphid resistance genes were compared to susceptible (Susc) lines 
(Table 2.2).  
 When lines containing only the Rag1 allele when compared to Susc lines across 
environments, lines with Rag1 were significantly taller and more lodged (Table 2.2).  No 
significant differences were observed in yield or maturity for this comparison.  When lines 
containing only the Rag2 allele were compared to Susc lines, there was a significant reduction in 
yield and lodging for the Rag2 lines. The average yield for Susc lines across environments was 
4,334 kg ha
-1
, whereas lines containing only Rag2 yielded 4,209 kg ha
-1
, a 125 kg ha
-1 
reduction.  
There were no significant differences observed in plant height or maturity.  Comparing lines with 
Rag1+ Rag2 to Susc lines, a significant reduction in yield and an increase in maturity date was 
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observed.  Lines with Rag1+ Rag2 yielded 4,194 kg ha
-1
, a reduction of 140 kg ha
-1 
compared to 
Susc lines.  A one day increase in maturity date was also observed when comparing Rag1+ Rag2 
to Susc lines.  There were no significant differences observed in height or lodging score. 
 
Yield Drag Populations 
Environments were routinely monitored for soybean aphid infestation and consistent with 
the genetic effect population; few or no aphids were detected at field sites allowing for the 
measurement of the direct effect of the genes on yield and other traits. Across environments, 
there were significant (P<0.05) differences between lines containing alleles from the donor and 
recurrent parents for yield in both the 4485 background and 6566 background, plant height only 
in the 6566 background, maturity in both backgrounds, and lodging only in the 4485 background 
(Table 2.3).  
 Across environments, significant yield effects in the introgressed region near Rag2 were 
identified only in the 203a-4-3 and 203a-4-7 populations in the 4485 background, and the 206a-
6-3, 206a-6-7, and 206a-6-8 populations in the 6566 background (Table 2.3).  In the 4485 
background, lines with the allele from PI 200538 in introgressed regions yielded 158 kg ha
-1
 less 
than lines with the allele from the recurrent parent in the 203a-4-3 population, and 138 kg ha
-1
 
less in the 203a-4-7 population.  In the 6566 background, lines with the allele from PI 200538 in 
an introgressed region yielded 163 kg ha
-1
 less than lines with the region from the recurrent 
parent in the 206a-6-8 population. However, lines in the 206a-6-3 and 206a-6-7 populations with 
introgressed regions from PI 200538 yielded 101 kg ha
-1 
and 100 kg ha
-1 
more, respectively, than 
lines with the region from the recurrent parent.    
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 Across environments in the 6566 background, there were significant decreases in height 
associated with the introgressed region resulting in an 8.7 cm decrease in height in the 206a-6-3 
population and a 3 cm decrease in the 206a-6-8 population compared to the region from the 
recurrent parent (Table 2.3).  There were no significant differences in height detected for any of 
the other populations.    
 When maturity was analyzed across years, lines with the introgressed allele from PI 
200538 matured one day later in the 203a-4-28 population, and one day earlier in the 203a-4-7 
population in the 4485 background, and in the 206a-6-3, 206a-6-7, and 206a-6-8 populations in 
the 6566 background (Table 2.3).  There were no significant maturity associations detected in the 
other populations.     
 A significant 0.1 increase in lodging was observed in the 203a-4-28 population for lines 
with the allele from PI 200538 compared to lines with the recurrent parent allele in the 4485 
background (Table 2.3). Significant effects were not detected across years in any other 
population for both backgrounds. 
  
Discussion 
To study the impact of Rag1 and Rag2 on agronomic traits, a backcross population of 
RILs that segregated for all combinations of resistant and susceptible alleles at both genes was 
tested in field trials.  Results showed that lines with Rag2 and Rag1+ Rag2 yielded significantly 
less than lines with neither resistance gene, while lines with only the Rag1 resistance allele did 
not yield significantly different from homozygous susceptible lines. These results support the 
findings of both Kim and Diers (2009) and Kim and Diers (2013).  However, a significant 
increase in plant height and lodging score was observed in lines with only Rag1, a significant 
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decrease in lodging score of lines with only Rag2, and a significant increase in maturity in lines 
with both Rag1+Rag2.  These differences were not observed in the respective Kim and Diers 
study; however, these differences were small in magnitude. This suggests that these associated 
effects on plant height, maturity, and lodging are likely influenced by genetic backgrounds or are 
so small that they are detected inconsistently.  
 To discern the basis of the yield reduction associated with Rag2, populations segregating 
for different intervals near the gene were evaluated in field tests.  In the 4485 background, two of 
the three populations had significant yield reductions associated with the introgressed allele from 
PI 200538, as did one of four populations in the 6566 background (Table 2.3).  These three 
populations shared a 6.5 Mbp overlapping segregating region between the genetic markers 
Satt516 to Satt114 (Table 2.1). The right border of this region, as depicted in Table 2.1, is 1.6 
Mbp from Rag2, which is located at approximately 30,510 kb.  Kim et al. (2010) estimated that 
the genetic distance between Satt114, the marker at the right border of the introgressed region, 
and Rag2 was 7.2 cM.  Our results show that this introgressed interval has one or more QTL 
alleles from PI 200538 that reduce yield from 138 to 163 kg ha
-1
.  Because this interval does not 
include Rag2, we propose that the reduced yield associated with Rag2 is from linkage drag, not a 
pleiotropic effect of the Rag2 gene.  Because this yield drag is consistent across multiple 
backgrounds, it is likely a widespread problem in breeding for aphid resistance with Rag2.  
Linkage drag would also explain why in Brace and Fehr (2012) some lines with both Rag1 and 
Rag2 yielded as much as the recurrent parent while others yielded far less, and why Kim and 
Diers (2013) observed a significant yield reduction in one population in the 4485 background 
and two populations in the 6566 background, while a reduction was not observed in a second 
4485 background population (Kim and Diers, 2013). 
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We also found no evidence for a pleiotropic effect of the Rag2 gene on yield. In the 203a-
4-28 population, Rag2 is within the segregating region and there was no significant yield QTL 
detected. There was a significant negative effect on yield in the 203a-4-3 population which 
segregates for Rag2, but this population also segregates for the interval that the yield reducing 
QTL from PI 200538 was mapped. 
Additional QTL(s) were identified to the right of Rag2, as shown in Table 2.1, where the 
introgressed region from PI 200538 was shown to significantly increase yield.  This QTL maps 
to a 3.2 Mbp overlapping region in the 206a-6-3 and 206a-6-7 populations between the genetic 
markers BARC13_1390 and BARC13_1561, approximately 6.6 Mbp from Rag2.    
 There have been numerous reports of yield drag resulting from the introgression of 
deleterious alleles into elite backgrounds (Tanksley and McCouch, 1997; Boerma and Walker, 
2005).  In soybean, one of the better-studied examples is with the soybean cyst nematode 
resistance gene rhg1, where a significant yield reduction from introgressed alleles was identified 
(Mudge et al., 1996; Concibido et al., 2003).  Similar to our study, the yield reduction associated 
with rhg1 was proposed to occur from linkage drag of deleterious alleles (Kopisch-Obuch et al., 
2005).  Several yield QTL have been identified in the vicinity of Rag2 on chromosome 13 (Orf et 
al., 1999; Reyna and Sneller, 2001; Tischner et al., 2003).  At this point, it is unknown if the 
QTL(s) identified in this study are unique or the same as the previously identified yield QTL on 
chromosome 13, therefore, additional work is needed to properly characterize the yield QTLs 
identified in this study. 
 Our findings in this study show that the decrease in yield associated with the aphid 
resistance gene Rag2 is likely the result of yield drag from one or more linked deleterious alleles.  
Our data suggest that the QTL where these allele(s) are located map approximately 1.6 Mbp 
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from Rag2, spanning 6.5 Mbp from the genetic markers Satt516 to Satt114.  This finding should 
allow soybean breeders to break the linkage, allowing for the creation of high yielding, aphid 
resistant cultivars with the Rag2 gene. 
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Tables 
Table 2.1. Genetic characterization of the introgressed Rag2 interval in parental genotypes and yield drag populations using 23 simple sequence repeat (SSR) and one single nucleotide 
polymorphism (SNP) markers on soybean chromosome 13. 
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Position† 20.5 21.2 21.5 21.7 21.9 22.2 22.4 23.6 24.6 24.9 25.9 26.9 28.5 28.9 30.4 30.5‡ NA§ NA§ 34 35.2 36.3 37.1 38.4 39.2 
Parents¶ 
PI 200538 A# A A A A A A A A A A A A A A A A A A A A A A A 
Ina B B B B B B B B B B B B B B B B B B B B B B B B 
LD02-4485 C B B B B C C B B B B C C C B B B B B B B B B B 
LD03-6566 D B B B B B B B B B B D C B B B B B B C C C B B 
4485 Background 
203a-4-3 C B B B B H†† H H H H H H H H H H H H B B B B B B 
203a-4-7 C B H H H H H H H H H H H A A A A B B B B B B B 
203a-4-28 C B B B B C C B B B B C B H H H H H B B B B B B 
6566 Background 
206a-6-3 A A A A A A A A A A A A A A A A A A A A H H H B 
206a-6-7 A A A A A A A A A A A A A A A A H H H H H H B B 
206a-6-8 D B B B B B B H H H H H H H H H H H B C C C B B 
206a-6-16 D B B B B B B B B B B D B B B B B H H H H C B B 
† Physical position in Mbp of the markers based on the Williams 82 assembly Glyma.Wm82.a2 (Gmax2.0) available at www.soybase.org. 
‡ Approximate location of Rag2 (Kim et al., 2010). 
§ Physical position not available because markers are not found in the Glyma.Wm82.a2 (Gmax2.0) genome assembly. 
¶ Parents for the lines in the 4485 background are LD02-4485, Ina, and PI 200538.  Parents for lines in the 6566 background are LD03-6566, LD02-4485, Ina, and PI 200538. 
# Identical letters denote the same allele at the locus.  For example, PCR products using Sat_240 resulted in 4 different fragment sizes from the parents.  Using BARC13_0034, PCR products from the 
parents resulted in two fragment sizes. 
†† H denotes that the population is segregating for the marker listed. 
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Table 2.2. Means for agronomic traits of soybean lines in the genetic effect population that contain Rag1, Rag2, Rag1 and Rag2 combined 
(Rag1 + Rag2), and no resistance genes (Susc) across environments from three Illinois locations per year for three years, totaling nine 
environments. 
Gene 
Yield 
(kg ha
-1
) 
Effect† Pr>t‡ 
 
Height§ Effect Pr>t 
 
Maturity¶ Effect Pr>t 
 
Lodging# Effect Pr>t 
Susc 4334 - - 
 
82.7 - - 
 
9-19 - - 
 
1.5 - - 
Rag1 4344 - 0.87 
 
84.4 1.7 0.02 
 
9-19 - 0.42 
 
1.6 0.1 0.003 
Rag2 4209 -125 0.03 
 
82.1 - 0.32 
 
9-19 - 0.74 
 
1.4 -0.1 0.02 
Rag1+Rag2 4194 -140 0.02 
 
82.7 - 0.93 
 
9-20 1 0.001 
 
1.5 - 0.92 
† Contrast of the mean of lines with aphid resistance subtracted from the mean of lines with no resistance genes (Susc). 
‡ Probability value used to compare the mean of lines with aphid resistance to the mean of lines with no resistance genes (Susc). 
§ Height measured as average length (cm) from the soil surface to top node of the main stem. 
¶ Maturity measured as the date 95% or more pods on the main stem have reached the mature pod color; R8. 
# Lodging rated on a scale of 1-5 with 1 denoting all erect plants, 5 all plants lodged. 
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Table 2.3. Comparison of agronomic traits of soybean lines with differing alleles within the segregating introgressed Rag2 region 
from the yield drag populations in the 4485 and 6566 background across two Illinois locations per year for three years for a total 
of six environments.   
  Yield (kg ha
-1
)  Height†  Maturity‡  Lodging§ 
Population Allele¶ Mean Contrast#  Mean Contrast  Mean Contrast  Mean Contrast 
4485 Background             
203a-4-3 A 4767 -158**  95.4 1.4ns††  9-15 0ns  1.8 0ns 
203a-4-3 B 4925  94.0  9-15  1.8 
203a-4-7 A 4625 -138*  90.3 -0.7ns  9-14 -1**  1.8 0ns 
203a-4-7 B 4763  91.0  9-15  1.8 
203a-4-28 A 4896 -76ns  93.6 -0.1ns  9-15 1****  1.8 0.1** 
203a-4-28 B 4972  93.7  9-14  1.7 
6566 Background             
206a-6-3 A 4405 101*  94.4 -8.7****  9-19 -1****  1.7 -0.1ns 
206a-6-3 B 4304  103.1  9-20  1.8 
206a-6-7 A 4386 100*  100.6 0.6ns  9-19 -1*  1.8 0ns 
206a-6-7 B 4286  100.0  9-20  1.8 
206a-6-8 A 4568 -163**  98.0 -3.0****  9-19 -1***  1.7 -0.1ns 
206a-6-8 B 4731  101.0  9-20  1.8 
206a-6-16 A 4699 34ns  100.0 0.6ns  9-20 0ns  1.8 0.1ns 
206a-6-16 B 4665  99.4  9-20  1.7 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
**** Significant at the 0.0001 probability level. 
† Height measured as average length (cm) from the soil surface to top node of the main stem. 
‡ Maturity measured as the date 95% or more pods on the main stem have reached the mature pod color; R8. 
§ Lodging rated on a scale of 1-5 with 1 denoting all erect plants, 5 all plants lodged. 
¶ Allele A denotes inheritance in the introgressed region from PI 200538, allele B denotes inheritance from either Ina, LD02-4485, or 
LD03-6566. 
# Contrast of the mean of lines with the A allele in the introgressed region subtracted from the mean of lines with the B allele in the 
introgressed region for the population. 
†† ns, nonsignificant at the 0.05 probability level. 
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CHAPTER THREE: Fine Mapping of the Soybean Seed Protein QTL cqSeed protein-003 
 
Introduction 
Soybean is an important source of protein and oil for both animal and human 
consumption.  Compared to other commodity crops, soybean has the highest protein 
concentration (averaging 40%); whereas other legume species range from 20-30% protein, and 
cereals species range from 8-15% (Liu, 1997).  Most soybean protein in the market comes as a 
byproduct of soybean oil extraction. This soybean meal is a highly digestible feedstuff that 
provides the essential amino acids needed for animal growth (Cromwell, 2012).  Though 
soybean is sold on the market by weight and not by seed composition, soybean meal drives the 
soybean market due to the world demand of soybean for use as livestock feed.  During 2013, 
67% of the world’s protein meal consumption came from soybean, an equivalent of 184.1 
million metric tons (American Soybean Association, 2014). In the U.S., 98% of domestic 
soybean meal was consumed as livestock feed (Illinois Soybean Association, 2013).  Though 
producers are not offered a premium for higher protein soybean, a soybean crop with improved 
protein will lead to greater demand, a higher market share, and ultimately a better soybean price 
for farmers (Illinois Soybean Association, 2013).   
To provide growers with high protein soybean cultivars, plant breeders could incorporate 
alleles at quantitative trait loci (QTL) into soybean cultivars that increase protein concentration.  
Protein concentration in soybean is quantitatively inherited (Burton, 1985; Wilcox, 1985), and 
many protein QTL have been identified (Grant et al., 2010).  The Soybase website (Grant et al., 
2010) lists 231 marker associations with seed protein concentration. Although these are not all 
unique there are QTL that map to multiple sites on each of the 20 soybean chromosomes.  The 
68 
 
seed protein QTL on chromosome 20 (formerly linkage group I) has been one of the most widely 
studied protein QTL in soybean due to its large additive effect and its presence in a large number 
of high protein germplasm lines. This QTL was given the official confirmed QTL designation 
cqSeed protein-003, and an oil QTL that mapped to the same region was given the designation 
cqSeed oil-004 (Nichols et al., 2006).  Plants homozygous for the high protein QTL allele have 
been shown to have protein concentration increases greater than 20 g kg
-1
 compared to plants 
without the allele (Diers et al., 1992; Brummer et al., 1997; Sebolt et al., 2000; Csanádi et al., 
2001).  To increase our understanding of the underlying genetic control of cqSeed protein-003, 
fine mapping followed by candidate gene identification and cloning is needed (Salvi and 
Tuberosa, 2007).   
The high protein QTL on chromosome 20 was first mapped with RFLP markers by Diers 
et al. (1992).  This QTL was discovered in a population derived from crossing the G. max line 
A81-356022 with the G. soja plant introduction PI 468916.  From the marker analysis, a G. soja 
allele that resulted in a protein increase of 24 g kg
-1
 was mapped (Diers et al., 1992).   After the 
QTL was first identified, the high protein allele from G. soja was transferred to different genetic 
backgrounds and tested in new growing environments where the effect of the QTL was 
confirmed (Sebolt et al., 2000).  Fine mapping of the chromosome 20 QTL was initiated by 
Nichols et al. (2006) and they narrowed the QTL position to a 3 cM region.  Bolon et al. (2010) 
then used a large number of simple sequence repeat (SSR) markers to narrow the QTL interval to 
an 8.4 Mbp region between the markers Sat_174 and ssrpqtl_38.   
The chromosome 20 protein QTL was detected in multiple genome-wide association 
mapping studies (GWAS). Hwang et al. (2014) conducted a GWAS using 42,368 single 
nucleotide polymorphisms (SNPs) in a genetically diverse set of 298 lines.  From this study, the 
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candidate gene region was narrowed to a 2.4 Mbp interval located at 28.7-31.1 Mbp (Gmax2.0 
assembly).  In a GWAS conducted by Vaughn et al. (2014), the candidate gene region was 
positioned to a ~1 Mbp region located at 32.1-33.1 Mbp (Gmax2.0 assembly) using mostly 
maturity group V accessions from South Korea. A more recent GWAS was conducted by 
Bandillo et al. (2015) who analyzed 12,000 accessions from the USDA Soybean Germplasm 
Collection using 36,513 SNPs and located the candidate gene region to a ~2.4 Mbp interval 
between 30.7 and 33.1 Mbp (Gmax2.0 assembly). 
A selective genotyping study by Phansak et al. (2016) recently detected the chromosome 
20 protein QTL in additional genetic backgrounds.  Forty-eight maturity group 000 to IV 
accessions with high protein concentration (412 to 458 g kg
-1
on a 13% moisture basis) were 
crossed to high yielding lines with ordinary protein concentrations (332 to 374 g kg
-1
) to form 
F2:3 populations.  Out of the 48 populations, a protein QTL was detected on chromosome 20 in 
the cqSeed protein-003 interval in 27, showing the widespread nature of a protein increasing 
allele in this region (Phansak et al., 2016).   
In this study, further fine mapping was conducted with near isogenic lines (NILs) derived 
from backcrossing the G. soja protein allele into the A81-356022 background to complement the 
previous research, and to further reduce the candidate gene region. 
 
Materials and Methods 
The source of the germplasm used for fine mapping is a population of NILs segregating 
for cqSeed protein-003. The NIL population was developed through five backcrosses (BC5) 
using PI468916, a G. soja plant introduction from China as the donor parent and the Iowa State 
University developed experimental line A81-356022 as a recurrent parent. This population was 
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developed as part of Nichols et al. (2006) and further description of the population development 
is provided in the Nichols article. During each generation of backcrossing, the donor parent 
region with the protein QTL was selected using the SSR markers Satt127, Satt700, Satt239, and 
Satt496. 
Populations of BC5F5 plants were grown in the field during the summer of 2003 and 
plants were individually harvested. This seed was kept in cold storage and during the winter of 
2007-2008, 10 plants from each BC5F5:6 line were grown in a greenhouse and DNA was isolated 
following the CTAB (hexadecylatrimethylammonium bromide) procedure (Keim and 
Shoemaker, 1988) from harvested leaf tissue. The lines were tested with the SSR markers 
Satt239 and ssrpqtl_18 (Bolon et al., 2010) and PCR amplifications were done according to 
Cregan and Quigley (1997) and products were analyzed on 6% nondenaturing polyacrylamide 
gels according to Wang et al. (2003) to identify lines segregating for these markers. The 
segregating lines were derived from BC5F5 plants that were heterozygous for the interval and 
therefore could be used as segregating populations. A total of 4,810 BC5F6 plants from 16 
segregating lines were tested with both Satt239 and ssrpqtl_18 (Bolon et al., 2010) to identify 
plants with recombination between these markers and for being heterozygous for one marker and 
homozygous for the other. From these tests, 22 BC5F6 plants (designated propop1 – propop 22) 
were selected based on positions of the recombinants that were mapped using SSR markers from 
Bolon et al., (2010) and grown to maturity in a greenhouse. 
During the summer of 2008, populations of BC5F7 seed from selected BC5F6 plants were 
planted in the field. Between 39 and 140 BC5F7 plants were grown from each BC5F6 plant and 
DNA was isolated from each BC5F7 plant. The DNA samples were tested with SSR markers 
from the interval segregating in each line. These plants were individually harvested and analyzed 
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for protein and oil concentration using near infrared transmittance. Marker and composition data 
were then analyzed using the PROC GLM function of SAS (SAS, 2016) to determine whether 
there was significant association between the markers and protein level. A significant association 
indicated that the QTL is within the segregating interval while no significance indicated it is not 
within the interval. 
During the summer of 2009, BC5F7:8 lines were grown from the BC5F7 plants harvested 
in the field during the fall of 2008. These lines were grown in single row plots that were 1 meter 
long and had a 0.76 m row spacing. Seed was harvested from these plots and tested for protein 
and oil concentration and marker associations were tested using the methods listed above. 
To identify new recombinants, during the summer of 2010 BC5F7:8 lines from BC5F7 
plants harvested during the summer of 2008 were tested with markers in the QTL region. 
Twenty-one lines from the population propop19 were identified as segregating for the QTL 
interval. A total of 2,793 BC5F8 plants were tested with markers ssrpqtl_17 and ssrpqtl_34 
(Bolon et al., 2010) that flank the interval that cqSeed protein-003 was mapped in the first round 
of testing. One hundred plants with recombination in the interval were selected and grown to 
maturity in the greenhouse. These selected plants were then tested with 96 BARCSOYSSR 
markers (BARCSOYSSR_20_0594 - 20_0718) (Song et al., 2010) within the QTL interval and 
35 plants with good distribution of points of recombination were then selected (designated ProI-1 
– ProI-35). Populations of BC5F9 seed from the selected BC5F8 plants were grown in the field 
during the summer of 2011. These BC5F9 plants were individually harvested and evaluated for 
protein and oil concentration. In 2012 and 2013, these tests were repeated in plant rows near 
Urbana, IL that were 1 meter long with a 0.76 m row spacing. The plots were harvested, and seed 
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composition was analyzed.  Results were reported on a 13% moisture basis and marker 
associations were tested as described above. 
To resolve inconsistencies in results from the ProI-7 population, seven subpopulations 
were formed from the ProI-7 population that maintained the same recombination breakpoint as 
the plant originally selected to form the population. The subpopulations were formed by first 
identifying BC5F11 plants harvested during 2013 that were heterozygous at 
BARCSOYSSR_20_0655 (H) and fixed for the A81-356022 (A) allele at 
BARCSOYSSR_20_0657.  These plants were identified in the winter of 2014, grown to maturity 
in a greenhouse and BC5F12 seed was harvested. In spring of 2015, the seeds were planted into 3 
meter long rows with seeds spaced approximately 7.62 cm apart to allow maximum seed yield on 
a per plant basis.  Leaf tissue was collected from each plant and DNA was isolated and tested 
with BARCSOYSSR_20_0655 and BARCSOYSSR_20_0657.  During fall of 2015, plants were 
harvested and threshed individually, and protein and oil concentrations were measured. 
 
Results 
 The first set of recombinant populations that were selected and tested in 2008 and 2009 
field tests were selected for recombination between Satt239 and ssrpqtl_18 because this was the 
interval where the QTL was most likely located based on discussion at the start of the project and 
on previous research (Sebolt et al., 2000).  When the marker and protein data from the single 
plants from 2008 was analyzed, no significant (P<0.05) association was found in the propops 2, 
3, 10, 14, and 22 populations, whereas significant associations were observed in the propops 4, 6, 
11, 13, 15, 17, 19, and 20 populations (Table 3.1).  To verify the 2008 results, propops 2, 3, 4, 6, 
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10, 14, 20, and 22 were grown in single row plots in 2009 and results consistent with 2008 were 
observed (Table 3.1).   
 The marker trait associations were compared to the region segregating in each population 
to identify a narrowed region where the QTL mapped (Tables 3.1, 3.2).  A significant (P<0.05) 
marker trait association indicated that the QTL is within the segregating interval while non-
significance indicated it is not within the interval.  The nonsignificant associations observed for 
the propop 2, 3, 10, 14, and 22 populations indicated that QTL is below ssrqtl_17, as depicted on 
Table 3.2.  The populations propop 4, 6, 13, and 17 all had significant associations, placing the 
QTL below ssrpqtl_17 but above ssrpqtl_33.  The populations propop 11, 15, 19 and 20 also had 
significant associations placing the QTL below ssrpqtl_15, ssrpqtl_13, Satt239, and ssrpqtl_17, 
respectively, and above ssrpqtl_34, ssrpqtl_34, ssrpqtl_38, and ssrpqtl_38, respectively.  The 
results from this first round of testing placed the protein QTL between ssrqtl_17 and ssrqtl_34, 
which is below the regions we originally hypothesized the QTL to be located. 
Because the first round of testing showed that the QTL was below ssrpqtl_17 and above 
ssrpqtl_34, in the second round plants were selected that have recombination between these two 
markers.  As described previously, protein concentrations of seed from plants in the populations 
(Table 3.3) were compared with genetic marker data (Table 3.4) to position the QTL.  In 2011, 
no markers associations were observed between marker segregation and protein for populations 
ProI-3, 5, and 7, and highly significant associations were found for populations ProI-10, 15, 28, 
31, and 34 (Table 3.3).  These significant and nonsignificant associations indicate that the QTL is 
below BARCSOYSSR_20_0667 and above BARCSOYSSR_20_0674.   
To narrow the candidate gene region further and to confirm results from some critical 
populations tested in 2011, single row plots of lines in some populations tested in 2011 and 
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additional populations not previously evaluated were grown in 2012 and 2013.  When the marker 
and protein data from the single row plots were analyzed, no significant (P<0.05) association 
was found in the ProI-7, 9, 26, or 27 populations in 2012 and highly significant associations were 
observed in the ProI-10 and 28 populations (Table 3.5).  To verify the results, the populations 
ProI-7, 9, 27, and 28 populations were retested in 2013 and results consistent with previous tests 
were observed, except a highly significant association was observed for the ProI-7 population. 
To settle this inconsistency between years, seven subpopulations were developed from the ProI-7 
population that have the same recombination breakpoint as the original plant used to develop 
ProI-7 and segregate for the same interval. No significant marker association was found in tests 
conducted in 2015 of any of the seven subpopulations (Table 3.6), supporting the original 
findings of the ProI-7 population in 2011 and 2012. These results from the 2012-2015 tests 
refined the upper limit of the QTL to BARCSOYSSR_20_0670.  ProI-9 was the population that 
refined this position as the non-significant association in this population resulted in the 
placement of the QTL to below BARCSOYSSR_20_0670. The retests confirmed that the lower 
limit of the QTL was BARCSOYSSR_20_0674 and this was determined by the non-significant 
association observed in the ProI-27 population. Results from all of the tested populations were 
consistent with this result, other than the 2013 results for ProI-7. These results taken together 
place cqSeed protein-003 on chromosome 20 between BARCSOYSSR_20_0670 and 
BARCSOYSSR_20_0674. This corresponds to a 77.8 kb region between 31,744,150 bp and 
31,821,947 bp respectively based on the Gmax2.0 map assembly. 
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Discussion 
In this study, we narrowed the location of cqSeed protein-003 to a 77.8 kb region on 
chromosome 20 between the genetic markers BARCSOYSSR_20_0674 and 
BARCSOYSSR_20_0670. The physical position of the interval is from 31.74 – 31.82 Mbp based 
on the Gmax2.0 assembly.  This is the narrowest interval cqSeed protein-003 has been mapped 
to date.  This narrowed region coincides with the candidate gene region identified in the most 
recent GWAS by Bandillo et al. (2015) where they mapped the QTL to a ~2.4 Mbp interval 
located at 30.7-33.1 Mbp.  However, the region identified in our study does not concur with the 
regions found in other recent GWAS studies.  Hwang et al. (2014) mapped the QTL to a 2.4 Mbp 
interval located at 28.7-31.1, and Vaughn et al. (2014) mapped the QTL to a ~1 Mbp region 
located at 32.1-33.1 Mbp.  GWAS studies rely on historical recombinations to provide 
resolution, but if the recombinations are not present close enough to the gene the interval could 
be skewed.  In this study, recombinations occurred close to the gene, providing high resolution 
and a narrow candidate gene interval. 
Three candidate genes were identified within the 77.8 kb interval: Glyma.20g085000, 
Glyma.20g085100, and Glyma.20g085200 (Grant et al., 2010).  Glyma.20g085000 is an 
oligomeric Golgi Complex that is considered to act as a retrograde vesicle tethering factor in 
intra-Golgi trafficking, which could affect the protein trafficking, storage, and glycosylation 
function of the Golgi apparatus (Smith and Lupashin, 2008).  Glyma.20g085100 is a CCT 
(CONSTANS, CONSTANS-like, TOC1) motif family protein that has been shown to control 
flowering in Arabidopsis (Masaki et al., 2005) and other crops (Zhang et al., 2015), but has also 
been shown to be present in GATA-type zinc-finger proteins that act as protein recognition 
motifs (Liew et al., 2005).  Glyma.20g085200 is a zinc ion binding LIM domain which is part of 
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the protein-interaction domain that modulate or assemble proteins into multi-component 
complexes (Kadrmas and Beckerle, 2004).  At this time it is unknown if any of the three 
candidate genes within the interval are responsible for the protein increase of cqSeed protein-
003.  The candidate genes are from Williams 82, which has the lower protein allele for the QTL 
(Kim et al., 2016).  Additional research is needed to determine whether allele variation is present 
for the candidate genes between high and low protein sources for the QTL. 
In conclusion, we have fine mapped cqSeed protein-003 to a 77.8 kb region on 
chromosome 20 between the SSR markers BARCSOYSSR_20_0674 and 
BARCSOYSSR_20_0670, corresponding to a physical positon of 31,821,947 bp to 31,744,150 
bp respectively based on the Gmax2.0 map assembly.  This narrowed candidate gene region can 
help facilitate the cloning of this gene and ultimately can help identify the causal gene for the 
most widely studied, large effect protein QTL in soybean.
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Tables 
 
Table 3.1. Mean protein concentration, in g kg
-1
, and marker associations of BC5F7 
derived soybean lines used to orient the preliminary candidate gene region. 
  2008  2009 
Population Marker† n‡ Protein Pr>F§  n Protein Pr>F 
propop 2 Satt239 86 36.1 0.71  90 41.2 0.51 
propop 3 Satt239 53 34.2 0.70  54 40.1 0.96 
propop 4 ssrpqtl_18 27 35.4 0.02  28 40.7 <.0001 
propop 6 ssrpqtl_18 51 34.6 0.0003  52 40.4 0.0004 
propop 10 Satt239 52 36.8 0.56  54 41.4 0.42 
propop 11 ssrpqtl_18 76 35.5 <.0001  NT¶ NT NT 
propop 13 ssrpqtl_18 57 35.1 0.03  NT NT NT 
propop 14 Satt239 65 34.5 0.47  65 39.1 0.95 
propop 15 ssrpqtl_18 51 35.4 <.0001  NT NT NT 
propop 17 ssrpqtl_18 49 36.4 0.001  NT NT NT 
propop 19 ssrpqtl_18 44 38.7 <.0001  NT NT NT 
propop 20 ssrpqtl_18 31 39.1 0.05  30 41.2 <.0001 
propop 22 Satt239 32 40.0 0.08  32 42.0 0.15 
† Markers used for progeny evaluation to test association with protein among line in families 
‡ Number of plants tested in population 
§ Significance of the marker protein association 
¶ NT, not tested 
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Table 3.2. Genetic markers, position, and genotypes used in preliminary fine mapping to select BC5F5 derived soybean 
lines to develop families of BC5F7 derived lines that were tested for protein concentration. 
  Propop Population 
Marker 
GMax1.01 
Position † 
2 3 10 14 22 4 6 13 17 20 11 15 19 
Satt239 24,129,682 H ‡ H H H H A A B A A B B A 
               
ssrpqtl_4 24,812,334 H H H H H A A B A A B B H 
ssrpqtl_8 25,751,901 H H H H H A A B A A B B H 
ssrpqtl_11 26,270,814 H H H H H A A B A A B B H 
ssrpqtl_13 26,444,803 H H H H H A A B A A B B H 
               
ssrpqtl_14 26,538,403 H H H H H A A B A A B H H 
ssrpqtl_15 26,542,454 H H H H H A A B A A B H H 
               
ssrpqtl_16 26,609,299 H H H H H A A B A A H H H 
ssrpqtl_17 26,649,308 H H H H H A A B B A H H H 
         §             
ssrpqtl_18 26,958,336 B A B A B H H H H H H H H 
ssrpqtl_25 30,489,918 B A B A B H H H H H H H H 
ssrpqtl_29 31,787,239 B A B A B H H H H H H H H 
ssrpqtl_32 31,992,972 B A B A B H H H H H H H H 
ssrpqtl_33 32,022,042 B A B A B H H H H H H H H 
               
ssrpqtl_34 32,178,223 A A A A B A A A A H A A H 
ssrpqtl_35 32,216,450 A A A A B A A A A H A A H 
ssrpqtl_36 32,384,780 A A A A B A A A A H A A H 
ssrpqtl_37 32,717,564 A A A A B A A A A H A A H 
               
ssrpqtl_38 32,910,185 A A A A A A A A A A A A A 
† Physical position in Mb of the starting position of the markers based on the Williams 82 assembly Glyma.Wm82.a1 (Gmax1.01) 
available at www.soybase.org. 
‡ Genotypes of genetic markers where A designates a homozygous A81-356022 allele, B designates a homozygous PI 468916 allele, and 
H designates that the population was segregating. 
§ The arrow designates the direction of the protein QTL based on progeny tests. 
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Table 3.3. Mean protein concentration, in g kg
-1
, and marker associations of 
BC5F9 soybean families grown as single plants used to orientate the 
candidate gene region. 
   2011 
Population Marker† n‡ A§ H B Pr>F¶ 
ProI-3 ssrpqtl_17 92 35.1 35.1 35.3 0.70 
ProI-5 ssrpqtl_17 68 37.3 37.1 37.2 0.93 
ProI-7 ssrpqtl_17 84 35.2 36.0 35.2 0.12 
ProI-10 ssrpqtl_17 90 35.4 36.3 37.1 0.0001 
ProI-15 ssrpqtl_17 88 35.7 36.0 37.0 0.0002 
ProI-28 ssrpqtl_34 86 35.0 36.9 35.7 <.0001 
ProI-31 ssrpqtl_34 74 35.4 36.8 37.4 <.0001 
ProI-34 ssrpqtl_34 93 35.6 36.4 37.5 <.0001 
† Markers used for progeny evaluation to test association with protein among line in 
families 
‡ Number of plants tested in population. 
§ Genotypes of genetic markers where A designates a homozygous A81-356022 allele, 
B designates a homozygous PI 468916 allele, and H designates that the population was 
segregating. 
¶ Significance of the marker protein association 
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Table 3.4. Genetic markers, position, and genotypes of selected BC5F5 derived soybean lines used to develop families of 
BC5F9 derived lines that were tested for protein concentration. 
 Position†  Pro I Population 
Marker Gmax1.01 Gmax2.0  3 5 7 9 10 15 26 27 28 31 34 
ssrpqtl_17 26,649,365 ‡   H§ H H H H H A A B A A 
              ¶ 
20_0599 26,829,294 27,991,409  H H H H H H A A B A H 
20_0616 27,811,875 28,974,676  H H H H H H A A B A H 
               
20_0617 27,877,620 29,040,539  H H H H H H A A B H H 
20_0636 28,972,334 30,134,877  H H H H H H A A B H H 
               
20_0647 29,643,301 30,793,572  A H H H H H A A B H H 
20_0650 29,758,405 30,909,346  A H H H H H A A B H H 
               
20_0655 30,052,089 31,198,164  A B H H H H A A B H H 
               
20_0657 30,187,698 31,333,773  A B A H H H A A B H H 
20_0667 30,489,863 31,627,414  A B A H H H A A B H H 
               
20_0668 30,517,621 31,655,159  A B A H H H A A H H H 
20_0670 30,606,609 31,744,150  A B A H H H A A H H H 
               
20_0674 30,684,404 31,821,947  A B A B H H A H H H H 
               
20_0678 30,754,018 31,891,560  A B A B A H H H H H H 
20_0715 32,030,122 33,178,717  A B A B A H H H H H H 
               
20_0718 32,178,222 33,326,648  A B A B A A H H H H H 
ssrpqtl_34 32,178,303    A B A B A A H H H H H 
† Physical position in Mb of the starting position of the markers based on the Williams 82 assembly Glyma.Wm82.a1 
(Gmax1.01) and Glyma.Wm82.a2 (Gmax2.0) available at www.soybase.org. 
‡ Position of the marker is not found in the Glyma.Wm82.a2 (Gmax2.0) assembly. 
§ Genotypes of genetic markers where A designates a homozygous A81-356022 allele, B designates a homozygous PI 468916 
allele, and H designates that the population was segregating.  
¶ The arrow designates the direction of the protein QTL based on progeny tests. 
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Table 3.5.  Mean protein concentration, in g kg
-1
, and marker associations of BC5F9 soybean families grown in 
single row plots used to orient the candidate gene region. 
   2012  2013 
Population Marker† n‡ A§ H B Pr>F¶  A H B Pr>F 
ProI-7 ssrpqtl_17 88 35.6 35.7 36 0.38  33.6 34 34.6 0.0002 
ProI-9 ssrpqtl_17 89 37.5 37.4 37.9 0.31  36.5 36.4 36.4 0.71 
ProI-10 ssrpqtl_17 94 35.1 36.5 37.7 <.0001  #NT NT NT NT 
ProI-26 ssrpqtl_34 92 34.5 34.5 34.2 0.33  NT NT NT NT 
ProI-27 ssrpqtl_34 94 34.6 34.7 34.3 0.30  34.2 33.9 34 0.26 
ProI-28 ssrpqtl_34 93 34.6 36.3 37 <.0001  36 36.5 37.7 <.0001 
† Markers used for progeny evaluation to test association with protein among line in families 
‡ Number of plants tested in population. 
§ Genotypes of genetic markers where A designates a homozygous A81-356022 allele, B designates a homozygous PI 468916 
allele, and H designates that the population was segregating. 
¶ Significance of the marker protein association 
# NT, not tested. 
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Table 3.6.  Marker associations of 
BARCSOYSSR_20_0655 in the ProI-7 soybean 
subpopulations and their mean protein 
concentration 
Population n† A ‡ H B Pr>F§ 
ProI-7-14 87 37.7 37.7 37.5 0.94 
ProI-7-16 83 36.8 36.6 36.8 0.84 
ProI-7-25 94 36.6 36.4 36.3 0.77 
ProI-7-38 47 37.6 36.9 37.0 0.40 
ProI-7-56 66 37.3 36.8 37.1 0.44 
ProI-7-71 92 36.4 36.8 36.6 0.48 
ProI-7-86 76 37.4 37.9 37.9 0.09 
† Number of plants tested in subpopulation 
‡ Marker alleles at BARCSOYSSR_20_0655 with 
A designates a homozygous A81-356022 allele, B  
designates a homozygous   PI 468916 allele, and H 
designates a heterozygous allele. 
§ Significance level of the marker protein 
association 
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CHAPTER FOUR: Mapping of Ionomic QTL in a Soybean Nested Association Mapping 
Population 
 
Introduction 
 An estimated 2 billion people in both developed and undeveloped countries suffer from 
micronutrient deficiencies resulting in chronic diseases, growth disorders, and complications in 
child birth (Tulchinsky, 2010).  With the world’s population projected to reach 9.3 billion people 
by the year 2050 (United Nations, 2011), it is paramount to produce food with improved 
micronutrient concentration to provide adequate nutrition.  Soybean is a good source of 
micronutrients that can be used to fortify food.  One serving of boiled soybeans (around 90 g) 
provides 4 mg of iron (40% of the recommended daily allowance (RDA)), 1 mg of zinc (7% of 
RDA), and 138 mg of calcium (14% of RDA), or approximately the calcium equivalent of 1/3 
cup of milk (Messina, 1999; Otten et al., 2006; USDA-ARS, 2016).   
The elemental composition of seed can be determined by ionomics, which is the study of 
the ionome through high-throughput elemental profiling (Baxter, 2009). The ionome, defined as 
“the mineral nutrient and trace element composition of an organism and represents the inorganic 
component of cellular and organismal systems” (Salt et al., 2008), is a complex network of 
elements controlled by the biochemistry and physiology of plants, which are controlled by 
genetic and environmental factors (Baxter, 2010).   
 In addition to explaining the elemental composition of plants, ionomics can reveal soil 
quality characteristics as elemental seed composition is an indicator of the plant’s interaction 
with the environment (Baxter and Dilkes, 2012).   Besides carbon and oxygen, all other elements 
within the plant are obtained by the roots from the soil (Baxter and Dilkes, 2012).  If a plant is 
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grown in a poor or toxic growing area, the plant can grow poorly, have reduced yield, or even 
accumulate an undesirable or even dangerous level of elements within the seed.  With an 
increase in world population, more land will be used to meet the increasing food demand, often 
coming from land contaminated with heavy metals or high levels of unwanted nutrients (Baxter 
and Dilkes, 2012).  In rice, arsenic contamination is a major concern as the groundwater in the 
major growing areas of Southeast Asia have naturally high levels of arsenic, causing symptoms 
such as nausea, vomiting, and diarrhea, but also serious conditions such as heart disease, stroke, 
and cancer (Ratnaike, 2003; Rahman et al., 2008).  To control the uptake of arsenic into rice, 
researchers have identified the ScACR3 gene in rice that sequesters arsenic in the root, greatly 
reducing the amount that accumulates in the seed (Duan et al., 2012). 
Ionomic analysis of a crop species can yield phenotypic information that can then be used 
in mapping studies to identify genes or QTL responsible for elemental accumulation.  By 
mapping QTL responsible for elemental accumulation, mechanisms that prevent undesirable 
elements from accumulating or promote the accumulation of desirable elements can be 
identified, which can ultimately help to improve agriculture. My objective in this study was to 
map QTL controlling or associated with the elemental composition of soybean seed. 
 
Materials and Methods 
  Seed samples were collected from field tests of the soybean nested association mapping 
(NAM) population conducted during 2012 at the University of Illinois Crop Sciences Research 
and Education Center near Urbana, IL and at the University of Nebraska South Central Research 
and Extension Facility near Clay Center, NE. The NAM population was developed from matings 
between the hub parent IA3023 (a high yielding Iowa State cultivar) and 40 diverse parents, as 
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described in Song et al. (2017).  Of the 40 diverse parents, 17 were high yielding experimental 
lines and cultivars developed in breeding programs in Illinois, Indiana, Ohio, Missouri, 
Nebraska, Michigan, and Tennessee and 15 were experimental lines developed by the USDA-
ARS with exotic ancestry.  The remaining eight parents were drought tolerant accessions from 
the USDA Soybean Germplasm Collection.  Of the 40 diverse parents, one was from maturity 
group (MG) I, 10 from MG II, 20 from MG III, 8 from MG IV, and one from MG V.  The 40 
diverse parents were crossed to IA3023, and 140 F5-derived recombinant inbred lines (RILs) 
were developed from each family using single-seed descent.  Each environment consisted of 
5,600 RILs and 800 checks for a total of 6,400 plots.  One sample per harvested plot was 
collected for analysis, consisting of 350 seeds per sample.    
 Samples were analyzed at the Donald Danforth Plant Sciences Center in St. Louis, MO 
for elemental concentration of aluminum (Al), arsenic (As), boron (B), calcium (Ca), cadmium 
(Cd), cobalt (Co), copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), 
molybdenum (Mo), sodium (Na), nickel  (Ni), phosphorus (P), rubidium (Rb), sulfur (S), 
selenium (Se), strontium (Sr), and zinc (Zn).  Ionomic analysis was completed using inductively 
coupled plasma with mass spectrometry (ICP-MS) based on the following protocol by Zeigler et 
al. (2013).  Two seeds from samples in the Nebraska growing environment and four seeds from 
samples in the Illinois growing environment were randomly selected from each harvested sample 
packet and were sorted one seed per well onto a 48-well tissue culture plate.  The seed in each 
well was weighed by a custom built weighing robot, and then each seed was deposited into a 
glass test tube for digestion.  Seeds were digested in a solution of concentrated nitric acid with an 
internal standard added, soaked at room temperature overnight, and then heated for two hours at 
105ºC.  Once cooled, samples were diluted twice and loaded into a 96 well autosampler tray. 
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 To analyze elemental composition, samples were loaded into a Elan 6000 DRC-e mass 
spectrometer (Perkin-Elmer, Waltham, MA) connected to a PFA microflow nebulizer (Elemental 
Scientific, Omaha, NE) and Apex HF desolvator (Elemental Scientific, Omaha, NE) using a SC-
FAST sample introduction system and SC4-DX autosampler (Elemental Scientific, Omaha, NE).  
To minimize variation, a calibration curve was created before each run by analyzing dilutions of 
a multi-element stock solution, and drift was accounted for by analyzing the internal standard of 
the sample, by correcting based on the control run every tenth sample, and by calculating a 
correction factor from a control concentration.  Analytical outliers resulting from contamination 
or poor sample uptake were then conservatively identified by removing samples that exceeded 
6.2 median absolute deviations from the elemental median concentration of that line.  Additional 
outliers were identified using a procedure outlined by Lipka et al. (2013) where studentized 
deleted residuals (Kutner et al., 2004) were obtained from mixed linear models using PROC 
MIXED in SAS version 9.4 (SAS Institute, 2016).   
 For each trait, a best linear unbiased predictor (BLUP) was calculated using information 
from both growing environments in mixed linear models with the lme4 package (Bates et al., 
2015) in R version 3.2.3 (R Core Team, 2015).  Summary statistics were calculated in R version 
3.2.3 (R Core Team, 2015).  Heritabilites for each element were calculated using variance 
components from the BLUP model.  Heritability was calculated as σ2RIL / [σ
2
RIL + σ
2
RILxE/n + 
σ2(error)/n] where n is the number of environments. To estimate phenotypic correlations between 
traits across RILs, Pearson correlation coefficients and significance levels of correlations were 
analyzed using the Hmisc package (Harrell Jr. and Dupont, 2016) in R version 3.2.3 (R Core 
Team, 2015).  The BLUPS were then analyzed in SAS version 9.4 (SAS Institute, 2016) using 
the Box-Cox procedure (Box and Cox, 1964) to find a transformation to correct for non-
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normality of the error terms and unequal variances (Lipka et al., 2013).  Transformed BLUPs for 
each element were then analyzed to map Ionomic QTL using data from 4,312 SNPs generated 
for the NAM RILs by Qijian Song and Perry Cregan at USDA-ARS, Beltsville, MD (Song et al., 
2017).  QTL and R
2
 values across all significant QTL were identified using a joint linkage 
analysis through the stepwise regression procedure in TASSEL version 5.0 (Bradbury et al., 
2007) where 1,000 permutations, an experiment-wise alpha of 0.05, an entry threshold of 1.0e-5, 
and an exit threshold of 2.0e-5 were used to establish a significance level.  Chromosome maps 
depicting QTL regions were created with MapChart version 2.3 (Voorrips, 2002). 
 
Results 
 Overall, large differences of concentrations were observed across elements, varying over 
five orders of magnitude with K and P having the largest concentrations, and As and Co having 
the lowest average concentrations (Table 4.1).  Within families, continuous distributions were 
observed with transgressive segregates in most populations.  Heritabilities ranged from a low of 
0.03 in As and B, to a high of 0.69 in Cd (Table 4.1).  
 Using joint linkage analysis in TASSEL, 88 total QTL were identified across 
environments for 20 total elements (Table 4.1 and Table 4.2).  Between one and 11 QTLs were 
detected for each trait, with Al, As, B, Na, and Se having the fewest, and Mg having the most 
(Table 4.1 and Table 4.2).  QTL for Co had the largest effect while QTL for Al had the lowest 
effect, accounting for 42% and 6% of the total variation across significant QTL for the traits, 
respectively (Table 4.1).  Chromosome 2 had the most QTL identified; containing 13, while no 
QTL were identified for any elements on chromosomes 11 and 12. 
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 Throughout the genome, 16 regions had overlapping QTL or were within 5 cM of another 
QTL (Table 4.2, Figure 4.1). Chromosome 1 had an overlapping region containing Ca and Mg, 
and chromosome 2 had two overlapping regions; the first containing S, Rb, Sr, Mg, Ca, P, K, and 
As, and the second containing Mg, Sr, Ca, and P. Chromosome 3 also had two overlapping 
regions, one containing Co and Ni, the other containing Zn, Mg, Ni, Cd, Cu, Fe, Zn, Mo, and Co.  
Chromosome 5 overlapped QTL for Ca, Mn and Mg and Cu, chromosome 6 overlapped Ca, Mg, 
and K, and chromosome 9 overlapped Ca, Cd, Ni, Fe, and Zn.  Chromosome 10 contained the 
most QTL in one large overlapping region, containing Mg, Na, Rb, Mn, Cd, Cu, Fe, Mo, S, and 
Mn.  Chromosome 13 and 14 both had two overlapping regions: chromosome 13 having one 
region containing S and Co, the other containing S, Co, Cu, and Ni and one region on 
chromosome 14 containing Mg and P, the other containing two QTL for Co.  The remaining 
overlapping regions were found on chromosome 15 with Cu, Mg, and Al and another for Mn, K, 
and Cd, and chromosome 17 with K and S. 
 Pearson correlation coefficients were calculated for each trait pair.  In total, 150 out of 
190 total correlations between elements were significant (P < 0.05), though most elements had 
weak associations (correlation coefficients less than 0.30, Table 4.3).   Fourteen elements had 
moderate to high associations (correlation coefficients greater than 0.30) with Zn having the 
most significant correlated trait pairs (5) in the moderate to high range, while the association 
between Sr and Ca had the largest Pearson correlation coefficient (0.79, Table 4.3). 
 Of the 14 correlated trait pairs with moderate to high associations, a majority (11 of the 
14) appeared in regions with overlapping QTL (Table 4.2, Table 4.3, and Figure 4.1).  The 
correlated trait pair Ca-Mg appeared the most often, appearing five times in overlapping regions, 
and the traits pairs Ca-Sr, Fe-Zn, Ni-Zn, Cu-Fe, and Cu-Ni appeared twice.  The traits pairs P-S, 
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K-P, Ca-Mn, Cu-Zn, and Cu-Rb appeared once, while the pairs P-Zn, Mn-Sr, and S-Zn were not 
identified in any overlapping QTL regions. 
 
 Discussion 
In this experiment, BLUP values were estimated using phenotypic information from 
growing environments in both Illinois and Nebraska to identify QTL with significant effects in 
both environments.  Environmental conditions can affect nutrient accumulation, as all other 
elements within the plant besides carbon and oxygen are obtained by the roots from the soil 
(Baxter and Dilkes, 2012), resulting in large effects on elemental uptake in the plant (Ziegler et 
al., 2013).  A broad range of heritability estimates were observed, ranging from a low of 0.03 in 
As and B, to a high of 0.69 in Cd (Table 4.1).  This shows that genetic improvement is possible 
with elemental traits, but can be limited as environmental conditions are causing the majority of 
the observed variability in some traits.   
In order to increase desired elemental concentrations via biofortification or to identify 
mechanisms to prevent undesirable elements from accumulating within the plant, reliable 
elemental enhancement or sequestration will be needed in a wide range of target environments, 
thus detecting QTL from all environments in a combined analysis is preferred to identify the 
maximum number in each individual environment (Baxter et al., 2013).  In this experiment when 
the data from Illinois and Nebraska were analyzed separately, 78 QTL were identified from the 
Illinois environment and 48 from Nebraska.  This included 32 QTL from Illinois and 19 QTL 
from Nebraska that were not identified in the combined analysis; however, 27 QTL identified in 
the combined analysis were not identified in the Illinois or Nebraska environments (Table 4.4).  
As the goal of this study was not to determine the mechanisms behind elemental accumulation 
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on a per location basis, a combined environment analysis was used to identify QTL that would 
affect elemental accumulation in multiple environments, not environment specific QTL.  
Fewer QTL were detected in Nebraska which could be attributed to having fewer seeds 
sampled (two seeds in Nebraska vs four seeds in Illinois).  In soybean, canopy position has a 
significant effect on seed composition (Huber et al., 2016).  Therefore it is possible that with a 
lower level of sampling, the two seeds could come from the same location on the plant, skewing 
the number of total QTL identified.  With more sampling, there is a better chance of having seed 
from different parts of the plant which could lead towards more QTL being identified.   
Elemental QTL have been identified on a limited basis in soybean.  Five elemental 
composition QTL are listed on Soybase; one for Cd and four for Ca.  A QTL for Cd 
accumulation in soybean was first identified by Jegadeesan et al. (2010) where a major gene 
(Cda1) resulting in low Cd accumulation was mapped to chromosome 9, between the markers 
SatK147 and SatK149, corresponding to an approximate location of 4.9Mbp based on the 
Glyma.Wm82.a1 (Gmax1.0) map assembly (Jegadeesan et al., 2010).  A second locus 
controlling seed Cd was reported by Benitez et al. (2010) where the low Cd accumulation QTL 
cd1 was mapped to a 19.8 kb interval between the markers Gm09: 4770663 and Gm09: 4790483 
on chromosome 9 (Benitez et al., 2010).  Though the two QTL map to the same relative position, 
at this point it is unknown if the two QTL are allelic.  In our current study, it is unclear if Cda1 or 
cd1 were identified in our analysis, but three additional QTL for Cd were identified on in 
different genomic regions on chromosome 9: Cd-2, located approximately 4 Mbp from 
Cda1/cd1, Cd-3, located approximately 6 Mbp from Cda1/cd1, and Cd-4, located approximately 
3.1 Mbp from Cda1/cd1.  More research is needed to determine if the QTL identified in this 
study are allelic to Cda1 or cd1. 
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The largest number of previously identified elemental QTL in soybean is for Ca 
accumulation.  In a study by Zhang et al. (2009), four QTL were identified; on chromosomes 8 
between markers Satt228 and Sat_377, chromosome 20 between markers Sat_174 and Satt354, 
and two QTL on chromosome 7 between markers Satt677 and Sat_391. One of the 10 QTL 
identified for Ca in our study was located on chromosome 7, between the associated flanking 
markers in a genetic region from 16,120,608 – 17,505,945 bp based on the Gmax2.0 map 
assembly (Grant et al., 2010,Table 4.2).  This corresponds to the approximate genetic region of 
the two Ca QTL identified on chromosome 7 in the Zhang et al. study (2009).  In their study, two 
QTL are located on chromosome 7 between markers Sat_391 and Satt677 which would 
correspond to a genetic region of 163,240 bp, - 17,763,809 bp respectively, based on the 
Gmax2.0 map assembly.  However, the Gmax2.0 map position of Sat_391 is conflicting, as the 
Zhang et al. study (2009) lists Sat_391 above (increasing bp position) Satt677 on their linkage 
map, whereas both the Glyma.Wm82.a1 (Gmax1.0) and Gmax2.0 map assemblies and the 
Soybean Consensus Map4.0 (Hyten et al., 2010) place Sat_391 at the end of the chromosome, 
much below (decreasing bp position) Satt677.  However, based on the approximate genetic 
location of Satt677, one can speculate that the Ca QTL identified on chromosome 7 in this study 
could be allelic with the QTL Ca-6 identified on chromosome 7 by Zhang et al. (2009). 
Ramamurthy et al. (2014) did a joint linkage analysis across three RIL populations in 
soybean and identified 14 QTL for elemental seed accumulation.  In their study, three QTL were 
consistent across mapping populations; two QTL for Ni and one QTL for Cd.  Although our 
study did not identify the same QTL for those traits, we observed similar overlapping of QTL for 
the elements of Mo and Co on chromosome 3.  Overlapping of seed element QTL has been 
observed in other elemental mapping studies in maize (Baxter et al., 2013) and in Arabidopsis 
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(Vreugdenhill et al., 2004).  Elements that have overlapping QTL could indicate that they have 
the same genes involved in elemental uptake, movement, and sequestration, or could be 
pleiotropic (Clemens, 2001).  Shared elemental pathways have been identified between Zn and 
Cd in Arabidopsis (Baekgaard et al., 2010), K and Ce in Arabidopsis (Qi et al., 2008), and K and 
Na in many plants including rice and wheat (Benito et al., 2014).  In a study by Nakanishi et al. 
(2006), a shared Fe and Cd uptake/transport system in rice was identified.  This study identified 
overlapping QTL for Cd and Fe on chromosome 3, indicating that a similar shared 
uptake/transport system could exist in soybean; however, additional research is needed to fully 
understand this pathway. 
In our study, Pearson correlation coefficients were calculated between elements and 
significant positive correlations were observed between nearly every trait (Table 4.3).  Positive 
correlations between traits have been observed in other ionomic studies (Baxter et al., 2013; 
Ramamurthy et al., 2014), and highly correlated trait pairs were observed frequently in 
overlapping QTL regions in this study, indicating that elemental traits could be under pleiotropic 
control.  Unfortunately, in this study and in other ionomic analyses (Lowry, 2012), undesirable 
elements were not only significantly correlated with other undesirable elements; suggesting that 
reducing multiple undesirable elements in breeding programs will need separate selection 
processes. 
In this study, 88 total QTL were identified across locations for 20 elements using joint 
linkage analysis, including a previously reported QTL for Ca accumulation.  This information 
can be used to identify candidate genes for the uptake and sequestration of elements in soybean, 
and in studies to gain more knowledge of the genetic architecture of elemental accumulation in 
soybean allowing for future use in marker-assisted selection and genomic prediction models.  
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This study provides an important first step in that process which will ultimately result in the 
biofortification of beneficial elements, and sequestration of heavy metal in crops. 
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Tables and Figures 
 
 
 
Table 4.1. Means (mg kg
-1
), ranges (mg kg
-1
), heritabilities, number of QTL identified, and R
2
 values 
for seed element best linear unbiased predictors in the soybean NAM population. 
Trait Population Mean (mg kg
-1
) Range (mg kg
-1
) Heritability QTL(s) R
2
 † 
Al NAM founders 23.3 22.7 – 24.0 0.06 1 0.06 
 NAM RILs 23.3 22.7 – 24.9 
As NAM founders 0.87 0.86 – 0.87 0.03 1 0.12 
 NAM RILs 0.87 0.86 – 0.87 
B NAM founders 539.4 526.4 – 553.7 0.03 1 0.10 
 NAM RILs 538.3 516.7 – 576.4 
Ca NAM founders 32,398 25,931 – 40,409 0.51 10 0.35 
 NAM RILs 34,455 25,931 – 45,365 
Cd NAM founders 2.2 1.6 – 4.5 0.69 6 0.33 
 NAM RILs 2.0 1.375 – 4.6 
Co NAM founders 1.8 1.7 – 2.4 0.47 8 0.42 
 NAM RILs 1.8 1.6 – 2.4 
Cu NAM founders 195.0 180.3 – 211.9 0.28 5 0.23 
 NAM RILs 194.1 177.7 – 214.9 
Fe NAM founders 924.3 843.4 – 1,034.6 0.32 4 0.25 
 NAM RILs 911.5 812.6 – 1,034.6 
K NAM founders 158,419 140,737 – 183,496 0.44 5 0.27 
 NAM RILs 155,990 130,857 – 183,496 
Mg NAM founders 23639 20,737 – 27,775 0.42 11 0.33 
 NAM RILs 23,622 20,161 – 30,249 
Mn NAM founders 410.1 354.0 – 451.2 0.26 5 0.18 
 NAM RILs 413.1 354.0 – 474.9 
Mo NAM founders 19.7 17.4 – 23.0 0.18 4 0.17 
 NAM RILs 19.0 16.8 – 23.0 
Na NAM founders 141.1 128.7 – 149.7 0.06 1 0.24 
 NAM RILs 140.7 128.7 – 155.4 
Ni NAM founders 99.5 90.6 – 112.7 0.27 5 0.24 
 NAM RILs 99.6 88.9 – 116.6 
P NAM founders 76,047 69,247 – 85,714 0.30 5 0.23 
 NAM RILs 74,176 67,299 – 85,714 
Rb NAM founders 224.3 213.6 – 236.1 0.09 2 0.12 
 NAM RILs 224.4 213.6 – 238.2 
100 
 
 
 
 
Table 4.1(cont.) 
S NAM founders 27,919 24,765 – 31,744 0.42 7 0.29 
 NAM RILs 27,227 21,669 – 32,093 
Se NAM founders 7.3 7.1 – 7.5 0.08 1 0.08 
 NAM RILs 7.2 7.0 – 7.6 
Sr NAM founders 91.3 74.7 – 110.7 0.32 2 0.18 
 NAM RILs 95.8 74.7 – 119.33 
Zn NAM founders 566.2 518.6 – 618.2 0.38 4 0.28 
 NAM RILs 555.3 506.4 – 649.5 
† Proportion of phenotypic variance across all significant markers explained by the stepwise regression 
model in TASSEL.  
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Table 4.2. Seed mineral nutrient QTL identified in the soybean NAM populations by joint linkage mapping. 
Element Marker ID Chr 
Genomic 
Position† 
Map 
Position ‡ 
pr>F 
Left 
Supporting 
Marker ID 
Left Map 
Positon 
Right 
Supporting 
Marker ID 
Right Map 
Position 
Al-1 1235983942 15 9,650,070 34.37 9.12E-10 1235983937 33.94 1235983948 34.5 
    
 
  
 
 
 
As-1 1235975149 2 7,987,094 26.35 4.87E-07 1235975143 27.49 1235975152 26.98 
    
 
  
 
 
 
B-1 1235976684 4 6,145,225 21.91 4.92E-12 1235976675 21.91 1235976702 21.94 
    
 
  
 
 
 
Ca-1 1235973760 1 44,080,339 18.37 1.81E-13 1235973757 18.05 1235973763 18.89 
Ca-2 1235974917 2 45,505,435 89.32 1.63E-13 1235974916 89.29 1235974923 88.99 
Ca-3 1235975063 2 5,989,258 18.87 1.16E-09 1235975051 18.52 1235975083 19.65 
Ca-4 1235977527 5 2,440,984 12.75 2.77E-08 1235977507 11.92 1235976774 14.31 
Ca-5 1235977903 6 16,001,372 69.95 5.61E-07 1235977888 63.81 1235977905 71.52 
Ca-6 1235978427 7 17,148,388 65.7 1.15E-14 1235978416 63.34 1235978431 66.33 
Ca-7 1235980283 9 8,966,209 36.68 2.12E-12 1235980278 34.78 1235980289 37.01 
Ca-8 1235982997 13 43,632,387 108.15 6.41E-08 1235982991 107.17 1235983003 108.27 
Ca-9 1235983136 14 1,870,812 4.85 5.64E-07 1235983132 4.85 1235983138 4.85 
Ca-10 1235984212 16 36,272,386 72.6 1.55E-05 1235984198 63.33 1235984216 76.05 
    
 
  
 
 
 
Cd-1 1235975720 3 43,485,660 80.37 1.22E-08 1235975681 79.64 1235975735 81.02 
Cd-2 1235980283 9 8,966,209 36.68 2.93E-30 1235980278 34.78 1235980289 37.01 
Cd-3 1235979693 9 10,933,509 37.08 7.15E-27 1235979689 37.05 1235979699 38.27 
Cd-4 1235979878 9 1,822,396 8.52 2.48E-13 1235979872 8.52 1235979883 8.52 
Cd-5 1235980839 10 45,078,885 82.32 3.91E-10 1235980836 81.34 1235980845 83.13 
Cd-6 1235983784 15 15,975,971 56.35 8.31E-06 1235983783 56.28 1235983789 61.2 
    
 
  
 
 
 
Co-1 1235975704 3 43,357,942 79.91 1.35E-114 1235975698 79.91 1235975707 80.03 
Co-2 1235975866 3 4,942,452 24.97 1.76E-15 1235975863 24.75 1235975868 24.96 
Co-3 1235979459 8 13,570,408 47.28 4.21E-42 1235979457 47.23 1235979463 48.38 
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Table 4.2 (cont.) 
Co-4 1235983005 13 17,104,948 14.63 1.12E-09 1235983006 13.06 1235983004 14.32 
Co-5 1235982571 13 28,660,516 54.81 6.38E-07 1235982568 54.69 1235982590 56.54 
Co-6 1235983362 14 45,609,958 68.3 1.96E-17 1235983326 56.97 1235983389 74.48 
Co-7 1235983406 14 46,682,087 74.53 2.35E-18 1235983404 74.53 1235983414 74.53 
Co-8 1235984928 18 14,840,333 36.62 5.57E-06 1235984904 36.54 1235984930 36.62 
    
 
  
 
 
 
Cu-1 1235975681 3 43,203,705 79.64 1.37E-28 1235975677 79.64 1235975687 79.78 
Cu-2 1235976799 5 2,933,180 15.32 5.45E-08 1235976787 14.71 1235976808 15.45 
Cu-3 1235980842 10 45,208,747 82.81 2.36E-15 1235980836 81.34 1235980845 83.13 
Cu-4 1235982671 13 29,623,121 58 5.48E-10 1235982667 57.95 1235982673 58.05 
Cu-5 1235983900 15 7,672,746 24.18 1.45E-09 1235983897 23.81 1235983909 28.17 
    
 
  
 
 
 
Fe-1 1235975687 3 43,261,582 79.78 3.33E-84 1235975681 79.64 1235975692 79.85 
Fe-2 1235976379 4 45,446,423 47.46 1.17E-05 1235976366 47.34 1235976412 77.41 
Fe-3 1235979922 9 33,795,281 41.7 1.65E-14 1235979921 41.68 1235979930 42.19 
Fe-4 1235980842 10 45,208,747 82.81 3.28E-09 1235980836 81.34 1235980845 83.13 
    
 
  
 
 
 
K-1 1235975133 2 7,438,344 24.62 3.77E-13 1235975124 23.07 1235975135 25.6 
K-2 1235974764 2 42,328,193 73.8 8.12E-10 1235974761 73.76 1235974770 73.97 
K-3 1235978245 6 17,841,483 75.59 2.17E-06 1235978238 75.48 1235978249 75.65 
K-4 1235983779 15 15,893,057 56.22 3.42E-06 1235983775 54.95 1235983781 56.24 
K-5 1235984455 17 3,617,523 14.77 3.81E-10 1235984453 14.73 1235984728 17.35 
    
 
  
 
 
 
Mg-1 1235973813 1 44,822,224 19.14 6.52E-06 1235973810 19.11 1235973816 19.17 
Mg-2 1235975041 2 5,753,667 18.27 1.17E-24 1235975030 18.14 1235975049 18.53 
Mg-3 1235974929 2 46,065,059 94.57 3.00E-07 1235974923 88.99 1235974932 93.33 
Mg-4 1235975652 3 43,015,663 79.43 3.74E-09 1235975641 79.24 1235975710 80.12 
Mg-5 1235977524 5 2,424,436 12.74 6.90E-07 1235977522 12.63 1235976869 17.01 
Mg-6 1235978163 6 17,498,626 75.22 1.44E-07 1235978157 74.8 1235978183 74.86 
Mg-7 1235980832 10 44,790,950 81.15 8.48E-11 1235980804 81.03 1235980836 81.34 
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Table 4.2 (cont.) 
Mg-8 1235983274 14 3,575,866 10.42 4.90E-06 1235983249 10.07 1235983282 10.63 
Mg-9 1235983937 15 9,588,628 33.94 1.38E-06 1235983932 31.43 1235983948 34.5 
Mg-10 1235984165 16 3,213,720 15.96 5.56E-11 1235984157 15.8 1235984176 16.03 
Mg-11 1235984051 16 27,827,135 44.67 3.29E-07 1235984042 44.45 1235984078 45.93 
    
 
  
 
 
 
Mn-1 1235977533 5 2,534,379 13.17 4.71E-07 1235977510 12.03 1235977607 13.86 
Mn-2 1235980832 10 44,790,950 81.15 2.70E-04 1235980819 81.14 1235980836 81.34 
Mn-3 1235980866 10 48,551,669 96.75 1.73E-06 1235980845 83.13 1235980876 104.36 
Mn-4 1235983835 15 49,376,327 74.2 5.63E-11 1235983827 71.59 1235983837 74.41 
Mn-5 1235983721 15 13,999,593 51.12 6.59E-06 1235983720 51 1235983733 53.35 
    
 
  
 
 
 
Mo-1 1235975735 3 43,730,872 81.02 2.06E-08 1235975695 79.9 1235975751 83.01 
Mo-2 1235980842 10 45,208,747 82.81 1.71E-11 1235980836 81.34 1235980845 83.13 
Mo-3 1235984347 17 26,526,482 67.36 7.75E-17 1235984344 67.33 1235984363 67.48 
Mo-4 1235985833 19 1,291,359 3.86 2.32E-06 1235985830 3.92 1235985854 4.36 
    
 
  
 
 
 
Na-1 1235980816 10 44,765,191 81.14 3.08E-27 1235980804 81.03 1235980832 81.15 
    
 
  
 
 
 
Ni-1 1235975925 3 5,352,570 26.05 1.98E-32 1235975919 26.07 1235975928 26.02 
Ni-2 1235975668 3 43,119,048 79.53 1.64E-25 1235975659 79.48 1235975671 79.55 
Ni-3 1235979922 9 33,795,281 41.7 1.83E-09 1235979911 39.18 1235979956 42.93 
Ni-4 1235982741 13 30,231,338 58.86 2.22E-09 1235982739 58.86 1235982745 58.88 
Ni-5 1235986636 20 2,346,250 16.51 1.08E-26 1235986634 16.51 1235986638 16.78 
    
 
  
 
 
 
P-1 1235973978 1 48,907,135 25.03 1.16E-06 1235973972 24.66 1235973986 24.79 
P-2 1235975109 2 6,605,936 20.84 7.33E-20 1235975099 20.46 1235975122 22.94 
P-3 1235974936 2 46,294,190 95.94 9.26E-07 1235974932 93.33 1235974937 96.18 
P-4 1235975290 3 1,892,378 12.83 3.37E-08 1235975288 12.68 1235975292 12.97 
P-5 1235983520 14 5,104,542 14.97 4.03E-08 1235983516 14.91 1235983524 14.95 
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Table 4.2 (cont.) 
Rb-1 1235975007 2 5,420,644 17.26 5.10E-12 1235975003 17.1 1235975024 17.7 
Rb-2 1235980813 10 44,762,728 81.1 2.55E-07 1235980804 81.03 1235980816 81.14 
    
 
  
 
 
 
S-1 1235974702 2 4,045,831 13.34 3.38E-15 1235974693 13.09 1235974717 14.28 
S-2 1235978371 6 8,116,539 36.61 3.56E-15 1235978369 34.74 1235977635 50.38 
S-3 1235978612 7 3,953,855 17.21 7.04E-12 1235978608 17.18 1235978614 17.27 
S-4 1235980839 10 45,078,885 82.32 1.63E-09 1235980836 81.34 1235980845 83.13 
S-5 1235982379 13 11,536,702 0.94 1.38E-23 1235982389 0 1235983019 8.59 
S-6 1235982540 13 28,386,733 54.12 2.50E-06 1235982518 54.15 1235982543 54.12 
S-7 1235984732 17 4,201,377 17.67 8.60E-08 1235984455 14.77 1235984736 21.75 
    
 
  
 
 
 
Se-1 1235974255 1 56,540,433 60.29 7.31E-06 1235974251 60.52 1235974257 60.13 
    
 
  
 
 
 
Sr-1 1235975041 2 5,753,667 18.27 2.18E-08 1235975028 17.99 1235975049 18.53 
Sr-2 1235974929 2 46,065,059 94.57 4.39E-07 1235974923 88.99 1235974932 93.33 
    
 
  
 
 
 
Zn-1 1235975681 3 43,203,705 79.64 4.91E-08 1235975677 79.64 1235975687 79.78 
Zn-2 1235975637 3 42,836,055 79.21 3.36E-06 1235975631 79.14 1235975641 79.24 
Zn-3 1235979930 9 35,489,229 42.19 1.53E-11 1235979921 41.68 1235979940 42.23 
Zn-4 1235985359 18 2,405,952 2.25 1.80E-05 1235985109 0 1235985367 2.32 
† Physical position of the markers based on the Williams 82 assembly Glyma.Wm82.a2 (Gmax2.0) available at www.soybase.org, in 
bp. 
‡ Map position of the markers based on linkage analysis by Song et al. (2017), in cM. 
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Table 4.3. Significant Pearson correlation coefficients between elements. 
 B Na Mg Al P S K Ca Mn Fe Co Ni Cu Zn As Se Rb Sr Mo Cd 
B - -0.13 0.08 -0.07 0.09 0.06 0.12 0.08 0.06 0.08 0.06 0.07 0.06 0.08 0.16 0.11 0.06 0.05 0.04 NS† 
Na  - 0.12 NS -0.06 -0.13 0.13 -0.09 -0.15 NS NS 0.02 0.11 NS 0.03 NS 0.09 -0.15 -0.20 0.08 
Mg   - NS 0.17 NS 0.12 0.32 NS 0.21 0.06 0.13 0.29 0.17 0.14 0.07 0.03 0.22 -0.10 0.11 
Al    - 0.05 0.03 NS NS NS 0.06 0.03 NS NS 0.10 -0.02 NS -0.04 NS NS NS 
P     - 0.41 0.31 NS 0.16 0.16 0.16 0.18 0.23 0.46 0.11 0.10 -0.03 NS 0.29 NS 
S      - 0.20 0.09 0.28 0.20 0.10 NS 0.13 0.32 0.10 0.14 NS 0.06 0.19 NS 
K       - -0.13 NS 0.17 0.03 0.12 0.13 0.25 0.18 0.09 0.14 -0.18 NS 0.03 
Ca        - 0.47 0.11 0.01 0.11 0.03 0.03 0.03 NS NS 0.79 0.02 0.01 
Mn         - 0.16 0.24 0.12 NS 0.13 0.04 0.04 NS 0.41 0.16 0.05 
Fe          - 0.26 0.27 0.34 0.41 0.10 0.07 NS NS NS NS 
Co           - 0.08 0.11 0.19 0.07 0.03 NS NS 0.08 0.08 
Ni            - 0.40 0.37 0.06 0.14 0.18 0.07 0.14 0.15 
Cu             - 0.49 0.10 0.09 0.33 -0.03 -0.05 0.07 
Zn              - 0.09 0.07 0.14 -0.05 0.13 NS 
As               - 0.20 0.07 NS -0.04 NS 
Se                - 0.08 NS 0.07 -0.01 
Rb                 - -0.03 -0.06 0.06 
Sr                  - 0.04 0.06 
Mo                   - -0.04 
Cd                    - 
† NS, No significant correlation detected. 
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Table 4.4. Seed mineral nutrient QTLs identified in each tested environment of the soybean NAM populations by joint linkage mapping. 
  Illinois  Nebraska  Combined 
Trait Chr Genomic 
Position † 
Map 
Position‡ 
pr>F  Genomic 
Position 
Map 
Position 
pr>F  Genomic 
Position 
Map 
Position 
pr>F 
Al 6 
    
18,301,958 75.7 3.95E-05 
    
Al 10     44,765,191 81.14 6.04E-12     
Al 15 9,666,325 34.43 1.99E-08      9,650,070 34.37 9.12E-10 
             
As 2         7,987,094 26.35 4.87E-07 
As 10     44,741,032 81.03 5.73E-06     
As 12     7,970,305 28.6 9.90E-07     
As 15 8,828,127 29.54 4.12E-07         
             
B 4     6,145,225 21.91 9.27E-11  6,145,225 21.91 4.92E-12 
B 6     1,529,677 1.57 2.31E-06     
B 7 7,871,780 39.48 1.63E-05         
B 17     40,065,250 91.01 1.59E-05     
B 18     14,574,921 36.54 1.69E-06     
             
Ca 1 44,080,339 18.37 1.29E-16      44,080,339 18.37 1.81E-13 
Ca 2 5,989,258 18.87 3.01E-10      5,989,258 18.87 1.16E-09 
Ca 2 45,631,163 89 1.10E-11      45,505,435 89.32 1.63E-13 
Ca 2     46,065,059 94.57 1.15E-05     
Ca 5 2,295,305 12.03 1.16E-06      2,440,984 12.75 2.77E-08 
Ca 6         16,001,372 69.95 5.61E-07 
Ca 7 17,119,114 65.67 8.01E-15  17,148,388 65.7 3.40E-09  17,148,388 65.7 1.15E-14 
Ca 9 8,966,209 36.68 7.58E-08      8,966,209 36.68 2.12E-12 
Ca 13 43,591,415 107.94 2.89E-06      43,632,387 108.15 6.41E-08 
Ca 14 2,015,373 5.11 3.79E-06      1,870,812 4.85 5.64E-07 
Ca 14 10,468,957 45.92 1.44E-08         
Ca 16         36,272,386 72.6 1.55E-05 
Ca 17 10,513,878 47.35 1.42E-08         
             
Cd 3     43,485,660 80.37 4.34E-08  43,485,660 80.37 1.22E-08 
Cd 5     3,187,552 15.88 1.45E-05     
Cd 9 1,822,396 8.52 7.77E-13  1,799,645 8.43 1.69E-06  1,822,396 8.52 2.48E-13 
Cd 9 8,966,209 36.68 1.93E-26  8,966,209 36.68 1.55E-09  8,966,209 36.68 2.93E-30 
Cd 9 10,933,509 37.08 2.77E-17  10,933,509 37.08 3.96E-14  10,933,509 37.08 7.15E-27 
Cd 10 45,208,747 82.81 7.36E-08      45,078,885 82.32 3.91E-10 
Cd 15         15,975,971 56.35 8.31E-06 
             
Co 3     5,028,321 25.02 1.50E-09  4,942,452 24.97 1.76E-15 
Co 3 4,491,701 23.84 2.93E-14         
Co 3 43,203,705 79.64 3.21E-14  43,357,942 79.91 1.32E-63  43,357,942 79.91 1.4E-114 
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Table 4.4 (cont.) 
Co 3 43,826,777 81.37 4.20E-07 
        
Co 8 13,580,803 47.36 3.09E-29  13,580,803 47.36 5.09E-18  13,570,408 47.28 4.21E-42 
Co 10 44,398,110 80.14 1.55E-07         
Co 13 17,104,948 14.63 5.62E-08      17,104,948 14.63 1.12E-09 
Co 13         28,660,516 54.81 6.38E-07 
Co 14 45,609,958 68.3 2.77E-09      45,609,958 68.3 1.96E-17 
Co 14 46,708,198 74.53 2.44E-12  46,674,825 74.53 8.52E-56  46,682,087 74.53 2.35E-18 
Co 18         14,840,333 36.62 5.57E-06 
             
Cu 3 42,889,191 79.24 1.09E-27  42,753,528 78.9 4.09E-06  43,203,705 79.64 1.37E-28 
Cu 5 2,993,835 15.35 1.04E-06      2,933,180 15.32 5.45E-08 
Cu 10 45,078,885 82.32 3.43E-21      45,208,747 82.81 2.36E-15 
Cu 13 29,623,121 58 2.22E-10      29,623,121 58 5.48E-10 
Cu 15         7,672,746 24.18 1.45E-09 
Cu 18 2,405,952 2.25 3.83E-06         
             
Fe 3 43,203,705 79.64 2.44E-62  43,285,747 79.83 7.92E-26  43,261,582 79.78 3.33E-84 
Fe 4         45,446,423 47.46 1.17E-05 
Fe 9 33,795,281 41.7 4.41E-08  33,795,281 41.7 1.10E-06  33,795,281 41.7 1.65E-14 
Fe 10 45,208,747 82.81 1.09E-08      45,208,747 82.81 3.28E-09 
Fe 16     32,611,161 61.98 2.37E-06     
Fe 17 36,156,264 69.4 1.96E-06         
             
K 2     7,438,344 24.62 8.05E-14  7,438,344 24.62 3.77E-13 
K 2 42,306,957 73.76 8.50E-07      42,328,193 73.8 8.12E-10 
K 6 17,841,483 75.59 1.95E-06      17,841,483 75.59 2.17E-06 
K 8 11,171,905 42.44 1.42E-05         
K 12     33,630,747 44.62 5.66E-06     
K 15 4,221,189 12.06 4.25E-08         
K 15 12,524,905 47.03 1.26E-05         
K 15     15,893,057 56.22 1.34E-05  15,893,057 56.22 3.42E-06 
K 17         3,617,523 14.77 3.81E-10 
K 17 4,792,083 22.21 2.87E-08         
             
Mg 1         44,822,224 19.14 6.52E-06 
Mg 2 5,989,258 18.87 1.18E-28      5,753,667 18.27 1.17E-24 
Mg 2         46,065,059 94.57 3E-07 
Mg 3 43,033,576 79.46 1.31E-07  43,380,928 80.03 1.73E-05  43,015,663 79.43 3.74E-09 
Mg 5         2,424,436 12.74 6.9E-07 
Mg 6     17,498,626 75.22 4.53E-06  17,498,626 75.22 1.44E-07 
Mg 10         44,790,950 81.15 8.48E-11 
Mg 10     45,208,747 82.81 1.16E-19     
Mg 14         3,575,866 10.42 4.9E-06 
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Table 4.4 (cont.) 
Mg 15 
        
9,588,628 33.94 1.38E-06 
Mg 16     1,853,945 6.96 2.26E-10     
Mg 16         3,213,720 15.96 5.56E-11 
Mg 16         27,827,135 44.67 3.29E-07 
             
Mn 1 45,703,848 19.72 2.07E-10         
Mn 5     2,534,379 13.17 1.52E-06  2,534,379 13.17 4.71E-07 
Mn 10 44,765,191 81.14 1.39E-10      44,790,950 81.15 0.00027 
Mn 10     48,551,669 96.75 1.73E-06  48,551,669 96.75 1.73E-06 
Mn 14     1,954,087 5.02 2.62E-05     
Mn 15         13,999,593 51.12 6.59E-06 
Mn 15 48,772,311 71.59 1.47E-11         
Mn 15         49,376,327 74.2 5.63E-11 
             
Mo 2 5,503,066 17.39 4.00E-07         
Mo 3         43,730,872 81.02 2.06E-08 
Mo 10 45,208,747 82.81 2.89E-10  45,208,747 82.81 9.01E-08  45,208,747 82.81 1.71E-11 
Mo 17     26,526,482 67.36 3.65E-18  26,526,482 67.36 7.75E-17 
Mo 19     894,204 0.1 8.48E-06     
Mo 19         1,291,359 3.86 2.32E-06 
             
Na 3     36,930,311 52.15 1.14E-05     
Na 10     44,765,191 81.14 9.40E-24  44,765,191 81.14 3.08E-27 
Na 18 20,120,251 38.62 2.60E-09         
             
Ni 3 5,313,201 26.07 1.63E-13  5,352,570 26.05 6.11E-19  5,352,570 26.05 1.98E-32 
Ni 3 43,119,048 79.53 1.90E-15  43,203,705 79.64 9.05E-11  43,119,048 79.53 1.64E-25 
Ni 9         33,795,281 41.7 1.83E-09 
Ni 13 29,646,172 58.05 5.79E-07      30,231,338 58.86 2.22E-09 
Ni 20 2,319,783 16.18 1.45E-12  2,346,250 16.51 9.78E-17  2,346,250 16.51 1.08E-26 
             
P 1 48,726,368 24.21 1.43E-07      48,907,135 25.03 1.16E-06 
P 2 6,274,275 19.65 4.27E-17      6,605,936 20.84 7.33E-20 
P 2         46,294,190 95.94 9.26E-07 
P 3         1,892,378 12.83 3.37E-08 
P 14     5,104,542 14.97 4.54E-07  5,104,542 14.97 4.03E-08 
P 18 55,481,510 68.62 1.05E-06         
             
Rb 2 5,420,644 17.26 6.41E-11      5,420,644 17.26 5.1E-12 
Rb 10 44,746,838 81.03 6.62E-11      44,762,728 81.1 2.55E-07 
Rb 11 7,344,759 25.81 3.59E-06         
Rb 15     48,826,936 71.66 1.23E-11     
             
S 1 44,080,339 18.37 1.93E-07         
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Table 4.4 (cont.) 
S 2 4,045,831 13.34 7.77E-14 
 
4,029,254 13.3 1.51E-05 
 
4,045,831 13.34 3.38E-15 
S 6 7,564,115 33.25 1.92E-08         
S 6         8,116,539 36.61 3.56E-15 
S 7     3,953,855 17.21 5.68E-07  3,953,855 17.21 7.04E-12 
S 7 5,731,026 25.92 2.00E-07         
S 10 45,078,885 82.32 1.59E-05      45,078,885 82.32 1.63E-09 
S 13 11,536,702 0.94 2.49E-19  11,536,702 0.94 7.87E-10  11,536,702 0.94 1.38E-23 
S 13         28,386,733 54.12 2.5E-06 
S 13 31,845,260 60.73 1.26E-06         
S 15     4,495,824 12.91 1.57E-09     
S 17         4,201,377 17.67 8.6E-08 
             
Se 1         56,540,433 60.29 7.31E-06 
             
Sr 1 44,080,339 18.37 7.54E-11         
Sr 2 6,070,390 19.2 6.34E-16      5,753,667 18.27 2.18E-08 
Sr 2 44,265,572 83.21 2.02E-07         
Sr 2         46,065,059 94.57 4.39E-07 
Sr 3 1,063,027 8.35 1.76E-06         
Sr 5 2,295,305 12.03 6.56E-08         
Sr 5 40,728,628 83.55 3.98E-08         
Sr 6 1,265,285 0.85 5.13E-07         
Sr 6 17,263,069 74.09 1.76E-06         
Sr 18 14,623,616 36.54 3.05E-05         
             
Zn 1 41,017,220 17.33 2.22E-05         
Zn 3 42,836,055 79.21 8.41E-07      42,836,055 79.21 3.36E-06 
Zn 3 43,203,705 79.64 2.73E-05      43,203,705 79.64 4.91E-08 
Zn 3     43,826,777 81.37 1.75E-13     
Zn 9 35,489,229 42.19 3.09E-09      35,489,229 42.19 1.53E-11 
Zn 18         2,405,952 2.25 0.000018 
† Physical position of the markers based on the Williams 82 assembly Glyma.Wm82.a2 (Gmax2.0) available at www.soybase.org, in bp. 
‡ Map position of the markers based on linkage analysis by Song et al. (2017), in cM. 
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Figure 4.1. Soybean genetic regions containing seed element QTL identified using joint linkage mapping.  Map 
position is listed on the left side of the depicted chromosome, whereas SNP identification and seed element QTLs 
are listed on the right side.  Not all markers on the chromosome are depicted. 
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Figure 4.1 (cont.)
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Figure 4.1 (cont.)
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